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LOCALISATION DES SUBSTANCES RADIOACTIVES 
| DANS UNE ROCHE 


PAR L'APPLICATION DE LA METHODE DES PLAQUES TRANSPARENTES 
DE GRANIT ET DES EMULSIONS NUCLEAIRES 


BOLESŁAWA TWAROWSKA 


Institut de Physique de l’Académie Polonaise des Sciences à Varsovie 


(Manuscrit reçu le 3 mars 1954) 


On a étudié quelques plaques minces de granit à l'aide d’une émulsion nucléaire 
appliquée, collée ou versée sur les échantillons. On a noté que les centres radioactifs 
sont liés à la présence de zircon dans la biotite et que le réseau cristallin de la biotite 
est détruit dans le voisinage du zirccn. On pourrait se baser sur l'observation des enve- 
loppes pour établir l'áge des roches. 


L'étude de plaques nucléaires qui ont été placées sur des surfaces polies de 
granit a montré que des traces de particules alpha, sortant de la roche, forment cer- 
tains groupes de trajectoires qui, dans des cas particuliers, pouvaient étre attribués 
à certains cristaux se trouvant sur la surface du granit. Ceci a conduit à les étudier 
plus en détail, en appliquant la méthode des p'aques minces (transparentes). 


Méthode expérimentale 


Les premiers essais ont. consisté à appliquer une technique déjà utilisée: par 
d'autres auteurs (Picciotto 1950, Tamburino et Stella 1952). Sur une plaque trans- 
parente, on a posé une plaque nucléaire dans une position fixée par trois points de 
repére. Aprés avoir développé la plaque nucléaire, on l'a mise sur l'échantillon trans- 
parent de granit et on l'a étudiée au microscope à travers le verre. Il s'est cependant 
avéré que des déplacements minimes changeaient complétement l'interprétation. 

Par la suite, on a donc couvert la plaque transparente de granit d'une mince 
couche de gélatine; on a ensuite fait tremper dans l'obscurité une plaque Ilford C2 
d'une épaisseur de 100 м. Lorsque l'émulsion a bien gonflé, on l'a détachée du verre 
et on l'a posée du cóté de sa surface lisse sur la surface de l'échantillon. Les rugosités 
qui se sont formées lors de l'enlévement de l'émulsion sont restées sur la surface ex- 
térieure et n'ont pas géné l'observation de l'image située au fond. 
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Aprés quelques semaines, on a développé la plaque et on a étudié l'ensemble 
émulsion-échantillon sous le microscope. On a employé différents agrandissements 
allant de 100 à 1000, selon la grandeur des détails étudiés. 

En faisant les dernières mesures, on a versé l'émulsion liquide sur la plaque, 
que l'on avait auparavant recouverte d'une mince couche de gélatine, et on l'a mise 
dans un cadre convenable qui rendait possible l'obtention d'une émulsion suffisam- , 
ment épaisse pour perdre le moins possible des traces de particules alpha passant 
presque perpendiculairement à la surface de la plaque. Cette émulsion liquide, qui 
correspondait à l'émulsion Ilford B2, a été produite dans l'Institut du Professeur 
Romer à Wrocław. 

La mince couche de gélatine qui sépare la plaque de granit de l'émulsion ne 
l'empéche pas seulement de se décoller de la couche, mais permet également d'obtenir 
des images trés nettes des cristaux ou des traces de particules alpha, lorsqu'on change 
un tant soit peu la hauteur du tube porte-optique du microscope; de cette façon 
les détails de la structure des cristaux .n’oblitérent pas les traces de particules 
alpha. 

C'est le Docteur Henryk Makowski qui a identifié les divers cristaux par la 
lumiére polarisée, qui a analysé le granit et préparé les plaques minces de granit. 


Résultats 


~ Оп a étudié quelques plaques transparentes de granit contenant des veines 
aplitiques au point de contact du granit et des veines. La composition minéralogique 
est différente pour la partie sombre oft se trouve un semis dense de biotites, et pour. 
la partie jaune, qui est aplitique (Table I). 


Table 1 


Veine aplitique Granit 
Quartz . . Seu 95.195 28,6% 
Feldspath . . . . 641% 62,3% 
Biotite tg. 055. traces 8,2% 
Apatite, oxide de fer ју. traces 


Il s’est avéré que la radioactivité est surtout liée à la biotite et aux zircons qu'elle 
contient. Il en résulte que la partie aplitique dans laquelle on rencontre seulement 
de petites biotites et en petites quantités contient peu de corps radioactifs. 

Environ 95% des traces de particules alpha se concentrent sur une surface con- 
stituée de 2 à 3% de la surface totale de la plaque de granit; 6% proviennent de 
centres d une surface encore plus réduite (environ 0,1% de la superficie totale). 

Comme on le voit dans la Table 2, l'activité des biotites est liée aux zircons 
qu'elles contiennent. Ka 

La figure 1 représente la microphotographie des traces de particules alpha qui 
sortent du cristal de zircon se trouvant dans la biotite. Dans la figure 2 on voit le 
zircon couvert des traces de particules alpha. 
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Dans le voisinage des biotites et des zircons on a observé l'apparition d'étoiles 
de thorium, ce qui n'avait pas été observé autour des cristaux d'oxyde de fer. Ce 
sont ces derniers qui cónstituent les concentrations les plus intenses de corps radio- 
actifs. On pourrait distinguer trois espéces de centres: les premiers seraient des cris- 
taux d'oxyde de fer, donnant 2000 a/mm?, les deuxièmes et les troisièmes seraient 


des cristaux de zircon. 
Nombre de trajectoires 
par mm? 


Table 2 


Pourcentage du nombre 
total de trajectoires 


Ensemble de la plaque 100 
Quartz et autres minéraux . . . . * 0,3 
lint O а аа 2 
Petites biotites « ........ IN 
Biotites contenant de petites inclu- 

GUN. © 4 бо о 0 + + ECOL 2 
Biotites contenant des inclusions 

visibles нај «sv. dus as 1600 24 
Biotites contenant de l'oxyde de fer 1070 6 
Centres d'oxyde de fer . . . . . 400 à 5000 64 


Les cristaux de zircon qui donnent 50 ofmm? et moins n’ont pas causé de chan- 
gement visible dans la biotite qui les entourait; les cristaux de zircon donnant une 
concentration plus intense de corps radioactifs (100 a/mm?) sont entourés d'une 
double enveloppe. La première est transparente, la deuxième constitue une couche 
plus sombre de cristal de biotite qui, à cet endroit, a perdu son plan de clivage. Ceci 
a eu lieu sous l'influence des particules alpha émises par les corps radioactifs con- 
tenus dans le cristal. L'épaisseur des enveloppes varie de 16 à 20 и, се qui correspon- 
drait au parcours moyen des particules alpha. d 

La figure 3 représente la microphotographie du cristal de biotite, sous lequel 
on voit un „trou* laissé par le zircon enlevé lors du polissage de la plaque de granit. 
On peut: distinguer les deux enveloppes mentionnées ci-dessus: À - transparente 
et B - opaque La figure 4 représente le „trou* laissé dans la biotite par le zircon. 
Aussi bien dans le premier que dans le deuxiéme cas, on y voit des traces de 
particules alpha qui apparaissent dans Tómulsion à cet endroit. Elles proviennent 
vraisemblablement des résidus radio-actifs qui ont subsisté autour du centre. 

Il conviendrait d'ajouter que l'étude par la méthode des émulsions nucléaires 
des plaques transparentes de granit contenant des zircons recouverts d'enveloppes 
pourrait servir à l'élaboration d'une méthode pour établir l’âge approximatif des 


roches. La formation d'une enveloppe dépend de la quantité de particules alpha 
dans le zircon et du temps pendant lequel 


émises par les corps radioactifs contenus t 
se trouvant aux sommets des mailles du 


elles ont agi sur les atomes ou les ions 
réseau du cristal entóurant le zircon. 
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Ce travail a été fait sous la direction du Professeur Stefan Pieńkowski, auquel 
je suis redevable de beaucoup de conseils et d'indications. Je remercie également 
le Dr, Henryk Makowski pour avoir identifié les cristaux, analysé le granit et pre- 
paré les échantillons de granit. | 


КРАТКОЕ СОДЕРЖАНИЕ. 


Б. Тваровская, Локализация в скалях радиоактивных веществ посредс- 
твом метода прозрачных шлифов и ядерной эмульсии. 

При помощи ядерной эмульсии проанализировано несколько тонких шлифов. 
Эмульсию налагали, или наклеивали, или наливали на исследованные образцы. 
Обнаружено что радиоактивные центры связаны с выступанием цирконов в био- 
тите и что кристаллическая решотка биотита в соседстве циркона подверглась 
нарушению. Замечены эффекты могли бы быть использованы для определения 
возроста скал. | Е s 
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1. Microphotographie des trajectoires des particules alpha sortant du zircon. 


+ 


A-centre, B-biotite entourant le zircon. 


2. Cristal de zircon (B) couvert des traces de particules o dans la biotite (A). 


* 


3. „Trou“ laissé dans l'enveloppe par le zircon; A-enveloppe transparente, 
B-enveloppe opaque, C-biotite; on y voit le plan de clivage. 


4. ,,Trou“ (B) laissé par le zircon dans le cristal de biotite (A). 
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YIELD OF ANTI-STOKES. FLUORESCENCE OF DYE SOLUTIONS 
Ву A. JABŁOŃSKI 


Physics Department, Nicholas Copernicus University, Toruń 
(received April 9, 1954) 


A new explanation is suggested of the much discussed phenomenon of the abrupt 
drop in the anti-Stokes region of the curve representing the quantum yield of fluorescence 
of dye solutions as a function of the wave-length of the exciting light. The writer believes 
that this drop is due to the long wave-length tail of the absorption band of non-luminescent 
dimers superimposed on that of (luminescent) monomers and even extending beyond it. 


The yield of fluorescence of dye solutions as a function of the exciting wave- 
length was the subject of several investigations. Valentiner and Róssiger (1926) have 
shown that the yield of fluorescence of a solution of fluoresceine drops very rapidly 
as soon as the exciting wave-length exceeds a certain value. This result was confirmed 
by Vavilov (1927) and many others (Jabłoński 1932, Solomin 1941, Alentsev 1949). 
As Pringsheim (1949, p. 308) points out, "this phenomenon cannot be interpreted 
without introducing new assumptions. According to the potential curves (Jabtonski 
.1931, 1935) the long-wavelength branch of the absorption band is ascribed to mol- 
ecules having a relatively high vibrational energy in the electronic ground state... 
There is no reason why these molecules, once they are lifted into the excited state, 
should have a smaller probability of subsequent fluorescence emission than any other 


$ 


excited molecules.’ 

Vavilov (1937) and Jabłoński (1931) have suggested that the drop of the yield 
at greater wave-lengths of the exciting light may be due to a very weak "inactive" 
absorption band superimposed on the long wave-length tail of the main absorption 
band. Later Jabłoński (1933, 1935) has expressed the supposition that such a weak band 
may be possibly due to a forbidden transition from the ground state N of the molecule 
to its metastable state M. This last supposition has been, however, criticized by Prings- 
` heim (1949, p. 308), who has pointed out that such an absorption band would be too 
weak to cause the observed decrease of the yield!. He has put forward instead the 
У“ cM В ООО 

1 | should like to add here the following remark. In solid solutions in which phosphorescence 


and/or slow fluorescence appear, the transition probability of the forbidden transition N—M is almost 
108 times smaller than the probability of transition of the F—N band (main band), as estimated on 
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following explanation: According to Franck and Rabinovitch the interaction of 
a molecule with its neighbours in liquids lasts considerably longer than a single colli- 
sion in gases because of the so-called cage-effect; since the wings of the absorption 
bands in solutions are due to very strong perturbations, a molecule excited by 
absorption of light in the region of the wings possesses an especially great probability 
to be quenched. 

The problem was also discussed from the point of view of thermodynamics.* 

I should like to put forward another explanation of the phenomenon in question, 
which, I believe, will prove sufficient in several instances. 

Most of the fluorescent molecules do polymerize. The polymerization of some 
of them is appreciable even at very low concentrations of the solutions. The pres- 
ence of polymers, say dimers, in a solution manifests itself by their own absorption 
spectrum superimposed on that of monomers. If the relative concentration of dimers 
increases, the relative intensity of the bands belonging to dimers (D-bands) grows at 
cost of that of the bands belonging to monomers (M-bands), thus causing in cases 
in which dimers are not luminescent the diminution of the yield of fluorescence, 
ie. the "self-quenching" of the fluorescence (cf. e.g. Pringsheim 1949, p. 353). 

Although the absorption spectrum undergoes marked changes with the con- 
centration of the solution, there is no reason indeed to suppose that the energy levels 
of monomers are shifted significantly when the concentration of the solution, and 
thus also the fraction of dimers, changes. If so, we must expect that, in cases in 
which only the monomers are luminescent, and, besides, the fluorescence spectrum 
consists of a single "band", the intensity distribution of fluorescence must be almost 
independent of the concentration of the solution, whereas the absorption spectrum 
should depend on concentration very considerably. Such behaviour of the solutions 
was actually observed in some instances. As an example we may quote the case of 

. fluoresceine in aqueous solutions, in which, according to Levshin (1927), the inten- 
sity distribution of the fluorescence spectrum (but not that of the absorption spec- 
trum) remains practically the same for all concentrations up to 10-?g/cm?. In 
cases in which the intensity distribution of the fluorescence spectrum changes with 
concentration, the spectrum may consist of a superposition of different bands, due 


ground of the duration of emission of these bands. This probability may be, however, greatly enhanced 
in such solutions in which disturbances caused by adjacent molecules of the solvent are "is enough to 
quench thoroughly the phosphorescence and/or the slow fluorescence. 

* Although the papers concerning this subject were partly not accessible to me, it seems neverthe- 
less expedient to quote them here for the sake of completeness. Vavilov (1945, 1946) has expressed the 
view that the drop of yield in the anti-Stokes region is a necessary consequence of the second law of 
thermodynamics. His view was supported by a tbeory developed by Landau (1945), in which both the 
exciting light and that emitted by the luminescent body is assumed to be strongly monochromatic. 
According to Levshin (1951, p. 156). however, this theory cannot be applied to the case of solutions 
having broad absorption and emission bands. A further theory was given by Adirovich (1949). Prings- 
heim (1946) has challenged the above view of Vavilov. Apparently no final agreement was reached in 
this discussien. 
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to different electronic transitions, or, possibly, even to different (luminescent) poly- 
mers (cf. Pringsheim 1949, p. 359). If we accept the above assumption that the 
energy levels of the monomers remain unshifted when the concentration of the dye 
solution changes, we must conclude that at least in some cases also the proper absorp- 
tion spectrum of monomers is rather insensible to the changes of the concentration, 
all the changes of the absorption spectrum being due to changes of the relative in- 
iensity of D- and M-bands. 

The peak of the D-band appears in all instances known to me on the short 
wave-length side of the peak of the M-band. A closer inspection of the absorption 
curves of different solutions at various concentrations? shows, however, that the 
long wave-length tail of the D-band is superimposed on that of the M-band and even 
extends beyond it, as can be deduced from the fact that the larger the concentration 
of the dyes, and thus the fraction of dimers, the larger is the molar extinction coefficient 
of the long wave-length tail of the absorption spectrum, whereas the intensity 
of the M-peak becomes weaker, and, according to our assumption, the width of the 
M-band does not grow significantly. This being so, the yield of the fluorescence excited 
in this region of the spectrum (anti-Stokes excitation) must be low. 

The observed fact that the drop of the yield in the anti-Stokes region becomes 
less rapid at higher temperatures of the solution (Vavilov 1943) can be explained as 
due to the "dissociation" of dimers into monomers (decrease of the proportion of 
dimers). 

I believe that the explanation of the drop of yield in the anti-Stokes region 
suggested in this paper is the most plausible and simple. 


KPATKOE СОДЕРЖАНИЕ 


А. Яблонский, Выход антистоксовской флуоресценции растворов Kpa- 
сителей 


Предложено новое объяснение явления резкого падения выхода флуо- 
ресценции при переходе от стоксовского к антистоксовскому возбуждению. Со- 
гласно с этим объяснением падение выхода вызвано наложением длинновол- 
новой насти абсорпционной полосы нелюминенсцирующих димеров на длинно- 
волновую насть абсорпционной полосы мономеров. ‘ 
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CROSS-SECTIONS OF ATOMIC NUCLEI FOR THE 
(n,p) REACTION 


Ву Z. WILHELMI 


Institute of Physics, Polish Academy of Science 


(received April 14, 1954) 


The cross-sections of "Ма, ?'AI, 52Cr, 58Fe, 75А, 11697, and 118Sn nuclei was meas- 
ured for the reaction (n, p). Neutrons were used from the reaction Li (d, n) were with the 
deuteron energy — 0,75 MeV. A simple method was worked out for determining the 
correction for scattering and absorption of B-electrons in the material of the irradiated 
samples. 

· Two new reactions: Sn (п, p) 11810 and !!*Sn (n, p) !!*In were discovered during 
the experiments. The results obtained were compared with cross-sections calculated 
on the basis of Weisskopf's and Ewing's theory. The causes of discrepancies are discus- 
sed, taking into consideration the dependence of the cross-sections on the radius and 
temperature of the nucleus, and on the threshold of the reaction. 


Experiments have been going on for several years to test the statistical theory 
of nuclear reactions (Weisskopf, 1940, Blatt, 1952). The results of some experiments 
have supported it, as the cross-sections calculated on the basis of the theory are near 
enough to those obtained from experimental data (e.g. Temmer, 1949, on (a, n) 
reaction). In other cases, however, there appear large discrepancies, as for instance 
in the case of reactions caused by photons of medium energy (Hirzel 1949). In this 
particular instance the ratio of cross-sections for reactions (y, p) and (y, n) was 100— 
1000 times higher than the ratio arrived at by theoretical calculations. In still other 
cases the experimental results obtained by one author do not agree with those of 
another (Wäffler 1950, Cohen 1951). 

In view of the importance of the problem and its complex character it is necessary 
to collect the largest possible experimental material concerning various nuclear 
reactions, which would serve not only as a criterion for testing the theory, but would 
also help to develop improved theoretical conceptions. The present paper, which 
deals with measurements of cross-sections for (п, p) reactions and their interpretation 
on the basis of the statistical theory, is intended to serve these purposes. 
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1. The method of measurements 


In order to calculate the cross-section of the nucleus М for the reaction 


2Х (n, p) za А () 
it is necessary to know: 

(1) the intensity J of neutrons passing through a sample containing a known 
amount of the examined isotope 2X. This intensity is defined as the number of neu- 
trons passing during 1 sec through 1 cm? of a surface placed perpendicularly to the 
direction of their flow, 

(2) the number of nuclei which undergo reaction (1) under the influence 
of a flux of intensity J lasting 1 sec. 

The neutron intensity was determined by counting proton recoils in a photo- 
graphic emulsion. This method was chosen not only in consideration of its simplicity, 
but also because of its rather high precision. The effective cross-section of hydrogen for 
scattering neutrons possessing energy up to 15 MeV has been determined by many 
authors (Lampi 1950, Sleator 1947) with comparatively high precision (error smaller 
than 5%). Moreover, the cross-section of hydrogen does not show resonance effects, 
and the scattering п, p in the examined energy range (up to 15 MeV) may be consid- 
ered as isotropic in the mass centre system (Barschall 1949, Laughlin 1946, Coon 
1946). This method will be discussed in a more thorough manner in § 3.4. 

Products of the reaction (1), i.e. 7^, Y nuclei, were counted to determine the number 
of nuclei N mentioned in point 2. Let us assume the sample used for measurements 
to have a mass of m grams, and the isotope we are concerned with to be its p-th part. 
The sample is irradiated during t sec by a neutron flux of intensity J. The neutrons 
react in various ways with the nuclei of the sample [(n,p), (n, 2n), (п, у) еіс]. Аз 
a result of these reactions 6 — radioactive isotopes are formed, and among them 
the B-radioactive isotope 74,Y from the reaction 2X (n, p) „АУ. 

We now transfer the irradiated sample to a counter and take the decay curve 
of the total activity (see fig. 9). From this curve we obtain by way of simple gtaphic 
analysis the decay curve of isotope 7“, У. This serves to establish the initial activity v, 
of the isotope, i.e.the number of f electrons registered during 1 sec directly after 
the irradiation is stopped. 

The registered number of isotope 4, Y decay electrons is obviously smaller than 
the total number of decays occurring in the sample. This is caused by the imperfect 
efficiency y of the counter (7< 1) and by scattering and absorption of electrons 
by the substance of the sample and of the counter window. Hence the necessity of 
making a correction for the efficiency of the counter and for the scattering and ab- 
sorption mentioned above. For this purpose we introduce a correction coeffi- 
cient k: we define it as the ratio of the number of electrons emitted by the 4 Y 
nuclei to the number of those electrons which enter the counter and are regis- 
tered. The method of determining this important coefficient is discussed in detail 


in § 3.3. 
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A r ws 5 A • 
The number of 7^, Y nucleus disintegrations occurring in the sample during 1 sec 
directly after the irradiation is stopped is called the corrected initi 


al activity 
w,. It amounts therefore to 


w, = kv, (2) 


We shall introduce now the conception of the corrected activity W» i.e. the 


corrected jnitial activity corresponding to an infinitely long period of irradiation. 
It is obviously equal to the number of nuclei s which during 1 sec of irradiation undergo 
reaction (1): 


0,693 — * (3) 


т = time of irradiation, T = half-period of the nucleus „А.Х. 
An analogous expression is obtained for the saturated activity (not corrected) 


Vo 


y — 


0,6937 V. (4) 
] —e 2 
The quantity w,, is necessary to determine the effective cross-section a of the iso- 
tope „А.Х for the reaction (n, p), and it is not difficult to prove that 


Woo 


AEN IN I (5) 


N = number of 2X nuclei in the irradiated sample, с = effective cross-section of 
nucleus 2X for the reaction (n, p), 1 = neutron intensity (see above). 

The measurement of I, which will be discussed more thoroughly in § 3.4, is 
rather complicated. It was therefore carried out during the determination of the 
effective cross-section of only one examined isotope, namely of Ее. The effective 
. cross-sections of other isotopes were determined in relation to the cross-section 
of 59Fe. The following ratio was therefore determined 

O1 _ Wo I, №, 6 
ГА о № ©) 


subscript 1 refering to the examined isotope, subscript 2 — to Fe. For this purpose the 
examined element was irradiated simultaneously with Fe in identical conditions 
( = 1) 

The activity decay curves of both simultaneously exposed samples were usually 
"determined" with the help of the same counter. Care was taken to prevent changes of 
efficiency of the counter during the measurements. For control a f-radiation standard 
of constant activity was used, by means of which the efficiency of the counter was 
tested from time to time. If different counters had to be used we determined the 
ratio of their efficiencies. 

The neutrons used in our work require certain explanations. Reactions of the 
type (n, p) are caused by neutrons possessing an energy higher than the threshold 
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energy, which is different for different isotopes, but which usually amounts to 1—3 
MeV. Considering the existence of the potential barrier for protons leaving the nucleus, 
we may expect the effective cross-section for the reaction (n, p) to rise rapidly with 
the energy of the neutrons (this, incidentally, is in agreement with the statistical 
theory) and therefore from the point of view of this reaction only those neutrons 
are of importance which possess a large energy, say, higher than the proton potential 
barrier. 

For exactly this reason we had to make use of a reaction which would provide 
neutrons of appropriately high energy. The reaction Li (d, n) fulfils this condition, 
giving at the same time a high yield. Unfortunately the spectrum which it gives is 
not monoenergetic but continuous, varying from 0 to 14,5 MeV (at an energy of 
incident deuterons, of about 700 keV and an angle between the direction of the neu- 
trons and deuterons of 90^). This spectrum (Fig. 1, upper curve) (Staub 1949) posses- 
ses for fast neutrons two sharp maxima at energy values of 10, 5 and 13,5 MeV. Since 
at present there are no methods of selecting neutrons of many MeV energy we had 
to employ a continuous spectrum. Therefore the values of effective cross-sections 
which were obtained are fundamentally only mean values, but, considering the known 
shape of the spectrum and the probable sharp increase of the cross-section with 
the increase of neutron energy, we may consider the measured cross-section as belong- 
ing without doubt to neutrons with a range of energy 10—13 MeV. While comparing 
results of our experiments with the statistical theory we of course took into consider- 
` ation the neutron spectrum as well as the theoretical dependence of the effective 


cross-section on energy. 


2. Apparatus 


2. 1. Source of neutrons. A 1000 kV cascade generator with an accelerating 
tube and electrostatic lenses was used to produce neutrons in the reaction Li(d, n). 
The target was made of fused lithium carbonate. The target current during work 
at a voltage 750 kV amounted to 200 uA. In view of the small dimensions of 
the measured cross-sections we strove to obtain maximum jonic current intensity. 
With this in view, we tried to obtain an optimal focus of the beam. on the target. In 
. this connection we developed methods of observing the path ‘of the ion beam 
in the tube. 

Through a rubber seal closing the bottom of the tube we inserted a movable 
rod with a glass plate attached to it. By manipulating thé rod this plate could be 
placed in various positions during the work of the generator in various places in the 
ion beam: conclusions as to the shape and position of the beam could be drawn from 
the luminescence of the glass which was bombarded by the ions. Observations were 
conducted through a glass window placed at the bottom of the tube. However, this 
method did not yield very precise results as luminescence was also caused by elec- 
trons formed in the accelerator tube. Another method, a very simple one, proved 
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Fig. 2. The case for irradiating samples = A 


1. End piece of the acceleration tube containing the lithium target; 2. The case. The partitions 
are visible here. 3. The cover of the case. This cover serves at the same time in rotating the case. 
4. A nut for fastening the case onto the terminal of the acceleration tube serving as the axis of rotation. 


5. An installation for cooling the target and for supporting tbe iron probes which are used to measure 


changes in the intensity of neutrons. 
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to be superior. It was based on the thermal effect caused by a beam of fast ions. 
A sheet of paper was placed in the tube on its bottom or elsewhere but always per- 
pendicularly to the ion beam; the paper carbonized at points of maximum intensity 
of the beam. In this way a "map" of the beam was obtained, which served to deter- 
mine the most favourable position of the target. 

In a later phase of our work a new method of observation developed. We noticed 
that deuterons even at energies easily achievable in our accelerator give as a result 
of the reaction !?C (d, n) !3N unexpectedly large amounts of radioactive 13N. It 
therefore permissed to start certain research in our laboratory, in the course of which this 
reaction was used for preparing radiophotographs of the beam. The radioautograms 
of iron plates with alarge content of carbon irradiated with a beam of deuterons, con- 
firmed the picture of the beam, i.e. its structure and its trace on the target, as deter- 
mined by the former method. 

2. 2. The case for irradiating samples. The construction of the accelerator 
tube did not facilitate the formation of a sharp (narrow) beam of ions which would 
hit the lithium target. The source of neutrons therefore could not be considered to 
be a point source. Together with the examined substance a comparison sample of 
56е. was to be irradiated. Both samples should be placed in a neutron flux of evenly 
distributed intensity. This condition was fulfilled in spite of the "non-punctiform" 
neutron source thanks to a special construction of the case for irradiating samples. 
This case had the shape of a ring with partitions. The terminal of the accelerator 
tube on which it was placed formed an axis around which it rotated. The case was 
placed opposite the target. Each of the irradiated powdered samples was placed in 
a separate compartment of the case. As it rotated (a small electric motor was used) 
both samples were irradiated with the same mean neutron flux. It was fixed in such 
a way that the neutrons passing through the samples left them at an angle of (90 x10) 
to the direction of the beam of deuterons. 

2. 3. Registration of neutron intensity changes during the irradiation. As 
was mentioned above, when determining the absolute value of effective cross-sections 
the neutron intensity must be known. If an effective cross-section of one isotope is 
measured in relation to that of another one, this is not necessary, if the intensity does 
not change during the exposition (possible only during short irradiations lasting 
a few minutes) or if both reactions, of which we are comparing the effective cross- 
sections, lead to radioactive substances whose decay periods differ only slightly. 
In other cases the relative changes of neutron intensity during irradiation must be 
measured. 

Since the reaction (n, p) which we examined is caused by fast neutrons, it seemed 
best to register just intensity changes of such neutrons. For this purpose we made 
use of the reaction 5*Fe (n, p) 55Mn. We prepared a number of probes in the shape 
of iron discs of identical dimensions (diameter 14 mm, mass 1,535 g). These discs 
were placed in a special holder (see photograph, fig. 2, detail 5) and inserted one after 
another, at equal intervals, under the target. After irradiation the disc was transferred 
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to a G.-M. counter with which its activity was measured, while the next probe placed 
in its stead was exposed. By repeating this procedure during the whole exposition 
we obtained data concerning the mean intensity of fast neutrons in each time interval 
(e.g., cf. fig. 15). If the whole period of exposition т was divided into п equal measure 
periods, that is if 7 is the irradiation time of one disc, then instead of equation (4) 
we obtain the following formula 


и: 12) (7) 


where b; is the ratio of neutron intensity in the i-th interval to intensity in the interva 
chosen as a reference system, e.g. the first, 7 is the half-period of the given 
isotope 74, Y, А— decay constant of the isotop produced in the disc. 

2. 4. Registering apparatus. Measurements of the activity of irradiated samples 
were made by means of a end-window type G.-M. counter with a thin mica window (ap- 
proximately 3 mg/cm?). Directly after 
i the exposure the investigated sub- 

stance (powder) was taken out of the 
case and after careful mixing was insert- 


2 ed in a small cup by means of a cy- 


linder with a piston. This cup was plac- 

© K ed in an exactly defined position under 
O the window of the counter. The same 
procedure was employed for iron pow- 

der which was irradiated simultane- 


59) 
Q) ously with the examined element. 

2 | If the periods of the final products 
were short (of some second duration) 
sufficiently frequent readings of the 
scaler counting the individual impulses 

с of the G.-M. counter are difficult. We 


therefore constructed an apparatus for 
cinematographic registration of impul- 


E 


Fig. 3. Simplified diagram of the measuring sy- 


stem. L.-G.-M. counter, S-scaler, N-neon lamps of SC ~ d 

the scaler, Z, — the lamp marking the time scale, The measuring system 1s represent- 

Z, — the lamp marking the end of irradiating, K — ed in fig. 3. The sample in the form 
cinematographic camera. of a pill or a thin sheet was transfered 


directly after the exposition to the count- 
er L, which was connected with a scaler S. In this scaler the impulses of the counter caus- 
ed consecutive extinctions and lightings of three neon lamps N. These neon lamps were 
photographed with the help of a camera K with constant film motion (velocity — 
10 cm/sec), Simultaneously an additional lamp 2, marked the time scale, and the lamp 
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21 signalized the end of irradiation and the moment when the sample fell on the 
counter. During our measurements we photographed the 3 neon lamps of the scaler, 
the first of which was extinguished by every second impulse of the counter, the sec- 
ond by every fourth impulse, and the third by every eighthimpulse. We thus obtained 


on the film three interrupted trails, which gave us the means of exact counting and 


at the same time of controlling the regularity of the work of the counting system. 
A sample of this film is shown in fig. 4. 

The lamp 2, marking the time scale 1 ghted up every 0,32 sec. The feeding 
system of this bulb was composed of a simple generator of impulses of mains frequency 


Fig. 4. A section of the photographic film. 


and of a frequency divider lighting the bulb 50/16 times per sec. by means of a relay. 
The work of this system was controlled by measuring intervals between two flares 
on the photographic film. | 

The activity registration was "doubled" by means of another camera, which 
photographed an electromagnetic numerator together with a time stopper placed 
next to it. 


3. Measurement of the effective cross-section *5Fe 


In this measurement powdered iron was irradiated: This was placed in a case 
revolving around the target. The case was like the one described above, only with 
a different holder, which permitted a simultaneous irradiation of a photographic 
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plate (fig. 2a). This plate, which revolved with the iron sample, served to measure 
the neutron intensity (see 8 3.4). 

3. 1. Determination of the initial activity. The sample and the plate were 
irradiated during т = 15 min at a generator voltage of 650 kV. Relative changes 
of neutron intensity during the exposition are shown in fig. 5. The irradiated iron 
powder possessing a mass m = 1,140 g, containing therefore № = 1,125 - 10?? Fe 
nuclei, was placed in a cup under the counter and the decay curve was taken (fig. 6). 
From this v, (equal to 10,2 electrons per sec.) was measured. As the neutron source 
was poor and the effective cross-section for the reaction (n, p) was small, we decided 
to take a thick sample ("surface mass" d = 0,75 g/cm?). This ensured better sta- 
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of the cross-section of 56Fe 


tistics than a "thin" sample, i.e. a sample with negligibly small absorption. Certain 
additional complications arose, however; they were connected with the absorption 
and scattering of electrons in the material of this sample. 

If we had had on the counter a very thin iron sample, then, knowing the effi- 
ciency of the counter, from the number > of impulses per unit of time registered 
by the counter with a very thin window, we could calculate the number. of disin- 
tegrations which occurred in this time: 


Since, however, the sample is thick, a part of the electrons emitted in the direction 
of the counter is absorbed by the substance of the sample, or scattered. The total 
number of electrons reaching the counter is therefore Ja times smaller than if the 
absorption and scattering were absent. On the other hand, owing to back scattering, 
a certain number of electrons which on leaving the nucleus were directed "away 
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from the counter" reach the counter. These electrons would not reach it if the sample 
were very thin. The coefficient giving the increase in the number of the impulses 
of the counter as caused by back scattering is symbolized by f,. The number of f 
decays in the substance of the sample is connected with the number v of registered 
impulses by the following simple relation 


v fa 
n fo 


If we also consider the absorption of electrons in the window of the counter, then 
taking f, as the ratio of the number of electrons reaching the window and of those 
passing through it we obtain 


и) = 


A Pale 
n fs (8) 


Taking into consideration equation (2), we may write 


k a Jafo 


| 9 

UM) ч) 
In the following paragraphs we shall discuss the methods of determining 7, f, and 
the coefficient b — fa which we call "the transparency of the thick sample." 


b 
3. 2. Determination of the efficiency of the counter. We designate as "efficiency 


of the counter" a figure indicating what part of the electrons emitted by a very thin 
source into a full solid angle is registered. We consider as very thin such a source, 
in which self-absorption and back scattering may be neglected. 

Measurement of efficiency were based on the preparation of a standard B-source 
containing 4,26 mg of uranium. Uranium oxide was sprayed to form a layer of 2,8 
mg/mm? thickness on a celophane film of 9,6 mg/mm? thickness. As the efficiency 
as defined above depends on the shape and dimensions of the surface on which the В 
source is distributed and on its distance from the counter, the layer of uranium 
oxide was given the shape of a disc. The diameter of this disc was equal to that of the 
cup in which the examined samples were placed (@ = 1,38 cm) (see p. 250). 

It is easy to calculate that 4,26 mg of uranium contained in our standard source 
emits 52 electrons UX, per sec. Now, using filters of equal thickness to eliminate а 
radiation from UII, AcU and UI, and radiation from UY and UX,, after including 
a correction for absorption in the filters and in the window, we found that our counter 
registered 12,5 electrons per sec. The efficiency, therefore, amounted to 

12,5 
abs Car 0,242. 

3. 3. Absorption and back scattering of p particles in the substance of the 
sample. The problem of absorption and back scattering of electrons is very important 
whenever one is to measure the absolute activity of "thick" samples, i.e. whenever 
neglecting these phenomena would lead to serious errors. 
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Very often in such cases the absorption coefficient of electrons with a given 
energy and the back scattering coefficient are estimated separately (sometimes the 
back scattering coefficient is totally neglected — Waffler 1950). Subsequently the 
correction is calculated with use of the semiempirical relation between these values 
and the thickness of the probe. This method is scarcely precise, as is proved for 
instance by the large discrepancies in the results of the measurements of absorption 
coefficients obtained by various authors (Cohen 1951, Waffler 1950, Seren 1947). 

We therefore worked out a method of determining in one measurement the 
combined effect of absorption and back scattering of electrons by the material of the 
thick sample. By this method all assumptions concerning the character of the absorp- 
tion and back scattering became unnecessary. These assumptions might lead to 
serious errors, especially if the spectrum of the examined isotope is of a complex 
nature, and in any case would lead to rather troublesome approximate calculations. 

In our measurements we prepared a thin sample of the radioactive substance 
in which we were interested (55Mn) (prepared in the necessary amounts by way of 
the reaction 55Mn (n, y) Mn, which gives a very high yield, with the use of thermal 
neutrons), by spraying it on a celophane film with a diameter equal to that of a stand- 
ard cup, in a similar fashion as when we prepared the B Uranium source. 

The sample prepared in this way was placed under the counter window and its 
initial activity », was measured. As the sample was very thin it could be considered 
as a source without absorption and back scattering. Subsequently the radioactive 
substance was carefuly scraped out, or washed out with ether, or dissolved together 
with the celophane film in acetone and very carefuly mixed with iron powder of 
a mass m — 1,140 g, i.e. with such an amount of it as was used in the measurement 
described in 83.1. The powder was then placed in a standard cup under the window 
of the counter, with which its activity у, was measured. The activity vs of traces 
remaining on the celophane after scraping or washing off was separately measured. 
Thanks to this we could determine the percentage of material transferred to the 
thick probe. Of course the indications of the counter had to be referred to the same 
time period because of the disappearance of radioactivity. v,, v4, and », denote 
the respective activities as referred to the final moment of irradiation. The transpar- 
ency of the thick sample, i.e. the quotient of both coefficients f, and f, discussed 
in 83.1 amounts to 


оссе 00) 
The following table gives the results of the measurements in which the number 
of particles registered by the counter amounted to с: 8,4- 104. 


Assuming the statistic weight of each measurement to be inversely proportional 


to the square of the standard deviation a, we can find the mean value and error of the 
magnitude b: 


бр, = (£) = 3,42 + 0,05 
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Table I 
No| Thin sample Thick sample Residue on 
thick sample Statistical 

activity number activity number number a fall b divergence Notes 

| Е of imp 1 of imp of imp 

imp/min imp imp/min imp imp/min imp 
1 | 2180 | 20,2 · 103 | 640 8,70 · 103 | 43,2 3,40 - 10? 3,33 0,063 scraping 
2 624 4,94 155 1,57 56,3 3,76 3,66 0,168 > 
3 555 4,48 146,5 | 1,90 [3:3 4,72 3,29 0,154. = 
4 | 1100 9,70 326 3,01 43,2 2,04 3,24 0,101 = 
5 750 3,24 226 1,37 3:92 0,148 dissolving 
6 840 5,44. 244. 2,66 3,44 0,114 ср 
7 | 1344 9,72 380 4,90 3,54 0,086 washing out 


3. 4. Measurement of neutron flux intensity. As was mentioned above, the 
measurement of neutron intensity I was accomplished by the method of counting 
proton recoils. A C2 50 и plate was used as a scatterer and at the same time as а neu- 
tron detector. It was placed in the revolving case, shown on photograph 2a, in such 
a way that neutrons which left the target at an angle of 90? to the beam of deuterons 
hit it perpendicularly. The plate was irradiated together with the iron sample during 
$ = 15 min with a stream, whose intensity was controled in the way described in 
62.3 (Fig. 5). 

After the plate had been developed, the recoil protons falling on 1 cm? of the 
emulsion were counted. All traces were counted the length of which was, larger than 
10 м, corresponding to protons of an energy larger than 0,75 MeV (Lattes 1947, Ca- 
merini 1947). Some of the protons, however, which fulfilled this condition were not 
counted, as they left the emulsion before completing a path of 10 u. A correction 
was therefore calculated, assuming 


Neutron enerau in MeV 
Fig. 7. Cross-section of hydrogen for scattering neutrons. 
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1. isotropic n —p scattering in the centre of mass system. 

2. a "range-energy" function for Ilford C2 plates according to Lattes (1947) 

3. a shape of the neutron spectrum from reaction Li (d, n) according to Fig. IE 
After the correction had been calculated (18,5%), we found that 7,51 · 10* protons 


Time t [hours] 


iH 
"m 
в 


D 

E 

а BS 

| ERES: 

= 
да CITE 
Г کا‎ C C 
04 BEES. = 


д 100 200 300 400 
Time t [hours] 


Fig. 8. Decay curve of radioactivity induced in arsenic (measurement) 


with an energy higher than 0,75 MeV fell on 1 cm? of the emulsion. The emulsion 
exposed at 70% moisture and examined at 60% moisture possesses 1,81 · 102 hy- 
drogen atoms per 1 cm? (thickness of the dry emulsion 19 y, contraction 2,41) as 
is easily calculated on the basis of examinations of the Ilford" C2 emulsion (Beiser 
1952). Considering the effective cross-section of hydrogen according to Lampi (1950) 
and Staub (1949) (Fig. 7) and the neutron spectrum according to Fig. 1 we found 
that during a 15 minute exposure 3,49 · 105 neutrons per cm? hit the plate Of 
these, 74,7%, i.e. 2,61 · 108 neutrons possessed an energy higher than the threshold 
energy of reaction 56Fe(n, p) Mn i.e. 2,92 MeV, (Table VII). The mean distance 
between the center of the target and the iron sample was 4,6 times smaller than the 
distance from the photographic plate, therefore I = 6,11- 109 neutrons per em? 
per sec. hit the sample. 


Considering this number and the transparency of the sample 6 = ја = 3,42 


= b 
(§ 3.3) the efficiency of the counter 7 = 0,242 (§ 3.2), and the absorption coefficient 
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of the counter window f, = 1,02 (see page...), we find according to equation (8) 


w = 144 decays/sec and according to equations (2), (3) and (7) w, = 2145 decays/sec. 
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Fig. 10. Decay curve of radioactivity induced in arsenic (measurement II) 


w 
According to equation (5) the cross-section ag, = a= 3,1. 10-26 cm? (Accord- 


ing to 83.1: N = 1,125 · 10°). 
5 
The error in this complex calculation was estimated at +12%. 
£ 
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4. Measurement of the cross section of arsenic for the reaction As (n,p) Ge 


4. 1. Determination of the initial activity. Two processes of measurement 
were carried out, each independent of the other, and with different exposure periods 
(210 and 120 min). The mass of the arsenic sample (m4, = 0,876 g) and of the iron 
sample (тр, = 1,140 р) was the same in both measurements. Decay curves are given 
for the first measurement on Fig. 8 and 9 and for the second measurement on Figs 10 
and ll. As a result of these experiments we obtained 


YooAs _ (6,3 + 0,2) - 10-? 


Yoo Fe 

4. 2. Determination of the transparency of the thick arsenic sample ("sub- 
stitute” method). As thick samples were used for measurements the coefficient of 
their transparency had to be determined. To avoid repeating the cumbersome meas- 
urements of this coefficient for iron and to be able to utilize the results of the preced- 
ing experiments, we used in all our cross-section measurements iron samples of the 
same mass as before (m — 1,140 g, d — 0,751 g/cm?). 

Therefore, in the relative measurements of the cross-sections of arsenic it re- 
mained only to determine the transparency of the arsenic sample. For this purpose 
we used a method similar to that employed for the iron sample. 

We produced the necessary isotope “Ge not with the help of the (n, p) reaction 
which we were examining, but by means of the more effective reaction "*Ge (n, y) 
75Се (thermic neutrons). We made of it a thin source, the activity of which was sub- 
sequently determined quite in the same way as in the case of the iron sample (8 3.3). 

Unfortunately, the radioactivity induced in germanium appeared to be too 
weak so that'measurements repeated several times were not sufficiently accurate, 
and repeating them a great many times to diminish the statistical errors was ren- 
dered difficult as our supply of germanium was not large. We evaded these difficulties 
in the following way: instead of using the feebly radioactive Ge, we constructed 
a thin source with a "substitute" isotope possessing a very similar f-spectrum. This 
was !3N which, as was mentioned above, could be obtained in our simple laboratory 
conditions in thousandfold larger amounts than Ge while using the same amount 
of heavy hydrogen. Ge possesses a simple f-spectrum with 1,2 MeV maximum 
energy (Seaborg 1941), and 18N also possesses a simple spectrum with 1,24 MeV 
maximum energy (Siegbahn 1947). Thanks to this IN can be used as a good sub- 
stitute for 7 Ge. 

Carbon was therefore irradiated with deuterons, the active layer was scraped 
off and sprayed to form a thin layer (2 mg/cm?) on a celophane film of 9,6 mg/cm?. 
Further operations were conducted in the same way as in the case of iron (8 3.3). 
But it should be emphasized that after the layer had been scraped off the celophane 
it was mixed with m „ = 0,876 g of arsenic. The results are presented in table II 

4. 3. Calculation of the cross-section of Аз. Data, which served to calculate 
the effective cross-section are presented in Table III. 
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Table II 
Thin sample Thick sample Residue on d 
thick sample 
NE = + b=falf,| e 
activity | number | activity number | activity | number 
imp/min |of imp imp| imp/min e imp imp| imp/min |of imp imp 
1 7,0:10*| 1,11-105| 1,33-104| 8,9-10*| 3,48 · 108 3,58 - 10? 5,48 0,040 
2 |1,023:105| 2,0۰105 | 1,82-104| 1,96 · 104 | 3,71 · 103 2,72 - 103 5,31 0,055 
3 1,04 · 105 | 2,9-104| 2,9-104| 6,25 ·10*| 1,7-10* 3,56 - 104 5,05 0,077 
4 7,16 108 | 2,1-10*| 1,0-10?| 6,4:104| 6,2-10? 1,13 : 104 6,32 0,082 
bas = Gaela = 5,5 + 0,2 
Table III 
Sample | Arsenic Iron 
Examined isotope ы А SSC V ovo нею 75As 56Fe 
JAbundaneecofiihoEisolope ae as S V. 0a à ee + ee 100 91,64 
Mass of the sample m (in g) ................ 0,876 1,140 
Number of nuclei of the examined isotope in the sample N . 7,07 · 1021 1,13 • 103% 
Thickness of the sample d g/cm? .............. 0,578 0,751 
fransparency Of the sample. e.. erans e NY Otero) enone os 5,5 3,42 
Period of irradiations лик "53 = 210 210 
Measurement I Initial activity И, imp/min .......... 2,72 · 10? 2,76 · 103 
Saturated activity V,,imp/min ........ 1,537 - 10? ‚2,08. 10° 
Measurement II Period of irradiation min ....... 2 120 120 
Initial activity Zo imp/min ЕУ = сай > 7,10 - 10? 7,04 ۰ 103 
Saturated activity Г» парит ........ 8,35 - 10? 1,35 · 104 
Ratio of counter Measurement So". 080.3. 06000. 6 0,90 0,90 
efficiencies 2Fe/2As Measurement II . . . . . . . . . . . . . 1 1 
Thickness of window вето 1.i... oo o 0,00305 0,00305 
Correction coefficient of the window! . . . . . « « . . ess 1,03 1,02 


Using equations (6), (2), and (9) we find 1 


As _ 0,162 


(error + 9%) 
OFe 


oas= 5,0 10-27 ст? 
5. Measurements of the effective cross-sections of reactions 9*Cr (n, р) **V, Mg 
(n, p) Na, and "АЛ (n, p) "Mg 


5. 1. Determining the transparency of the thick sample. In our conditions it 
proved difficult to determine the transparency b of the thick samples by the method 


1 Correction coefficient fy = ef, where и is the absorption coefficient for particles of given maxi- 
‘mum energy, determined on the basis of the curve on Fig. 12, d is the window thickness expressed 
in g/cm?. The problem of р is discussed more exstensively in § 5.2. 


260 Z. Wilhelmi 


which has been employed in former cases. We used therefore a different way. We 
first established a theoretical relation between the transparency b and the absorp- 
tion (и) and back scattering coefficients. On the basis of this relation, using and f 
values obtained in other measurements, we calculated b for the examined samples. 
This relation is easily established if for the time being we neglect the back scattering 
of electrons. According to many authors (e.g. Blauer 1946, Friedlander 1949) a par- 
allel beam of particles while passing through a layer of matter undergoes a dimi- 
nution of its initial intensity from J, to J. This change obeys the equation 


Ji captos (11) 
where u is the mass absorption coefficient (cm?/g) dependent on the maximum energy 
of the В spectrum (see below), d is the thickness of the layer (g/cm?). Applying this 
equation to a В radiation source of thickness d we find that the coefficient f, appear- 
ing in equations (8) and (9) is equal to 


du 
fedem (12) 


We must now consider the effect of back scattering: /,. This coefficient does not 
depend (Schonland 1935) on the maximum energy of f) electrons, provided it is larger 
than 0,6 MeV. It depends, however, to a large extent on the atomic number Z and 
increases with it (Burtt 1949). The thickness affects it to a certain degree, as initially 
it increases with the thickness of the sample until it reaches a "saturated" value f, 
when the thickness is larger than approximately 1/5 of the electron range. A further 
increase of the thickness does not cause any further increase of the back scattering 
coefficient. 

With the help of these facts and using Glendenin's empirical equation, which 
gives fairly exactly the relation between the range R of f electrons and their maxi- 
mum energy Espay (Glendenin 1948): 


R = (0,542 Е gmax — 0,133) g/cm? for Esmas > 0,8 MeV 
R = 0,407 E, glem? for 0,15 MeV < E tmas < 0,8 MeV, 
we carried out a thorough analysis, which proved that in our case we may assume 


with a small error that in the whole thickness of the sample "saturated" back scatter- 
ing occurs and therefore we may use the equation 


D a du 

| "R e (4) 
The absorption coefficient и, dependent on the maximum energy of B electrons, 
has been measured many times. Nevertheless large differences appear in the results 
obtained by various authors (e.g., Cohen 1951, Seren 1947, Waffler 1950). Various 

empirical formulae also disagree. 
We based our work on Seren's measurements, which served to prepare the 
diagram in Fig. 12. The coefficient J, was taken according to Fig. 13 (Burtt 1949). 
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25 
In the case of Na and "Ме the f spectrum is composed of electron groups 
with various maximum energies. In these cases coefficients b, and b, were separately 


calculated for each group, and then the mean coefficient was calculated on the basis 
of the obvious equation 


1Р9] 


0 100 200 300 400 500 0 20 40 50 80 
a= l/u [тот ] Atomic number 
Fig. 12. Absorption coefficient Fig. 13. Coefficient of back scattering 
Table IV 

Sample Fe Mg Fe Al Fe 
Examined: isotope . . . . . 2209г 56Fe 25Mg. 56Fe 274] 56Fe 
Mass of the sample т (=) . 1,185 1,140 0,320 | 1.140 0,4395 1,140 

Thickness of the sample d 

CHER SA RL ы: 0,781 0,751 0,211 0,751 0,29 0,751 

Irradiation period (min) . . 11 11 3 3 15 15 


Initial activity И, (imp/min).| 1,91 - 10% | 1,04-10? | 2,056 - 10* | 1,624 - 103 | 1,096 - 10* | 6,125 - 10? 
Saturated activity V impul- 


ses minute А: 2,105 - 104 | 2,078 · 103 | 4,179 - 10* | 1,221 - 105 | 1,67 - 104 | 9,138 · 10? 
Abundance of the examined 2 
isotope Ок. а кола E 83,76 91,64 10,11 91,64 100 91,64 
Number of isotope nuclei 
in the sample . .... 1,14-10?2| 1,13 · 1022] 8,02 · 1019. 1,13 · 10?*| 9,86 · 1021 1,13 - 10°? 
Transparency of the sample b 2,18 3,42 1,442 3,42 ' 2,145 3,42 
Thickness of the window 
gom e» vis OKE 0,00305 0,00305 0,00305 | 0,00305 0,00305 0,00305 
Window correction coeffi- : 
А ЖА еН 1,03 1,02 1,01 1,02 1,055 1,02 
Effective cross-section in re- 
lation to 56Fe. . . . . .| 0,65 5590] +12% 1,36 +8% 
| +10% 
. Effective cross-section g (mb)| 20,2 62 42 
RPNE (15) 
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in which 11, 15... denote the fractions of the total number of electrons of the given 
group emitted by the given isotope (Obviously 1, + 1, +... = 1). 

The results of calculations and of measurements concerning the reactions 9*Cr 
(n, p) 2V, Ме (n, р) Na, А (n, p) **Mg are shown in Table IV and in Figs. 14, 
15 (Cr), 16 (Mg), 17 and 6 (Al)? 
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Fig. 14. Decay curve of 52V Fig. 15. Decay curve of ?9Mn 
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Fig. 16. Decay curve of *5Na and 5*Mn Fig. 17. Decay curve of *'Mg 
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* Aluminium was irradiated simultaneously with the iron 
scribed in § 3.1. 


sample in the measurement de- 
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6. Discovery of new reactions Sn (n, p) 181 and 11 Sn (n p) EM 
116 6 Я Тр. 
Determination of their effective cross-sections 


6. 1. New reactions. While research on cross-sections was being carried out, 
as described above, there arose the question of extending it also to those nuclei, which 
on the basis of the shell mace: could be expected to give particularly small (n, p) 
yields, i.e. to nuclei with a "magic number" Z. We decided to try to discover new 
reactions of this type and to measure their cross-sections. As a first step in this series 
of research, which we intend to develop in a more extensive way, we completed ex- 
periments leading to the discovery of ЗД 
reactions 11Sn (п, р) !!$In and 1851 “и 
(пыр) in. 

6. 2. Measurements?. We used spec- 
trally pure tin with the following chemical j E 
composition: 99,9963% Sn, 0,002% Pb, zii oj 
0,001% Sb, 0,00045% Fe, 0,0001% Cu, 
0,00007% S, 0,00004% Bi, 0,00002% As. 


In all operations particular care was 


target 


taken to prevent any possible contamina- 
tion of the surface of the samples which 


were under examination. 
Our initial measurements indicated 
that even if the sought reactions do exist, 


066 
= 


134 


they possess a small cross-section. We 
therefore changed the method of irradiating 
by placing the tin and iron in the form of ГО 
thin discs directly under the target (Fig. 18). 

In this way we obtained better conditions i 
of exposition, at the cost of a less exact Fig. 18. Position of the tin and iron samples 
determination of the angle A between the in relation to the target 

neutrons which were hitting the sample, 

and the direction of the deuterons which caused the reaction Li (d, n). As, however, 
the energy of deuterons which were used was low in comparison with the reaction 
energy О = 15 MeV (more exactly 15,05 MeV for the reaction ‘Li (а, n) 2He, and 
14,91 MeV for the reaction 7Li (d, п) ЗВе (Vlasov 1951), the spectrum of neutrons. 
penetrating these samples, which were placed in a position as on Fig. 18, differed 
in a very small degree from the spectrum of neutrons running at an angle A = 90°, 
і.е. from the spectrum of such neutrons as were employed in all previous measure- 


VAT TAM 


NN 


LA 


ments. 
As we с to obtain isotope т as the th of the reaction Leg (n, p) 


3 "a measurements were carried out with the valuable cooperation of Mr R. Brunsz 


and Mr C. Dąbrowski. f 
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116[n, and as this isotope possesses a short period (13 sec), we used а cinematographic 
registration aparatus as described in 82.5. We carried out three series of measure- 
ments. Our main aim in the first series was to discover reaction (ën (n, р) In 
which would lead to the formation of 11811, the period of which, (4,5 + 0,5) min, 
has been established by Duffield and Knight (Duffield 1949). In order to prevent 
a too strong induction of long period radioactivity, we used short irradiation (3 min). 
The results of this series of measurements are shown by the curve on Fig. 19. An 
analysis proved that against the background of the radioactivity of !??Sn with a 39 
minute period, the product of known reactions !245п (п, 2n) !*Sn, 12350 im. 7) 
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Fig. 19. Decay curve of radioactivity induced in tin. (Series I) 


128Sn, there appeared radioactivities with (4,5 + 0,4) min and (14 + 5) sec periods 
We explain the first of these as due to isotope 118In formed in the reaction 11851 (n ) 
ue]n, which was anticipated by us but which until now was not known. É 
\ Isotope 118[п was discovered in 1949 by Duffield and Knight (Duffield 1949) 
in the reaction 11 In (y, п) 11 In and as yet had not been noticed in any other re- 
action. Our measurements, therefore, brought not only the discovery of a new reac- 
tion, but also served to confirm the existence and the correct measurement of the 
period of isotope 11811, 
| The value of the second period which we noticed (14 + 5 sec) indicates that 
it belongs to isotope 11611, formed in the reaction 11651 (n, p) U6[n; this reaction 
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also has not been known until now. This isotope was noticed in other reactions, 
as for instance Cd (p, n), In (n, y), In (d, p) (Seren 1947, Cork 1939). 

As the determination of this period in the first series of measurements was not 
very exact, some doubts remained as to the correctness of the inference. In view of 
this we carried out a second series of measurements with a much shorter period of 
irradiation (10 sec). This weakened considerably the long-period background (4,5 
min and longer), while the lessening of the short period activity was relatively small. 


Time t [sec] 


Time t [min] 0 15 30 45 t sec. 
Fig. 20. Decay curve of radioactivity induced in Fig. 21. Decay curve of radioactivity induced 
tin (Series П) in tin (Series III) 


The results of the second series of measurements served to draw the curve on 
Fig. 20. The period of the examined activity appeared to be equal to T= 12,5 + 2 sec, 
in good agreement with another value obtained for 11810 in other measurements, 
namely T — 13 sec. 

We obtained additional proof of the correct. identification of these isotopes by 
measuring the maximum energy of the f spectrum. As was mentioned above (§ 5.2) 
B-particles are absorbed exponentially according to equation (11): 


Jim Jo iaa 


The dependence of the absorption coefficient м on the maximum energy of the B- 
spectrum is known, though not very precisely (cf. 85.1; see Fig. 12). The value 
of Е „ах may therefore be estimated with the help of two measurements of the activity 
_ of tin: (1) without the use of a filter, (2) with the use of a filter of d (g/cm?) thick- 
ness. The ratio of activities determined in these measurements gives the value of 


Л) which enables us to find u and Ёш. 


266 Z. Wilhelmi 


We considered the measurements of the second series as constituting the first 
group (without the filter) (Fig. 20). We still had only to carry out additional meas- 
urements with the filter (third series). 

With this purpose in view the tin samples, irradiated during 30 sec, were trans- 
ferred to a counter, the window of which was covered with a filter of а = 0,53 g/cm? - 
thickness. We carried out 25 measurements and on the basis of their results plotted 
the decay curve presented on Fig. 21. With the help of the same counter, but with- 
out the filter, we measured the activity of the comparison iron samples, which were 
irradiated simultaneously with the tin samples. The data which we thus obtained 
were necessary to reduce both measurements which we were comparing to identical 
conditions of irradiation. The results of these measurements are shown in table V, 
column 3 and 4. We also included all the data necessary to calculate the cross-sec- 
tions of 1165р (second and third series — column 3 and 4) and of 1185п (first series, 
column 2). Because of the very short period of exposure (10 sec in the second se- 
ries, 30 sec in the third) the neutron intensity could be considered as constant, all 
the more so as owing to the large number of measurements (9 in the second series 
and 25 in the third) any possible small fluctuations were automatically evened out. 


Table V 
Sample Series II Series III 
Examined isotope . . . . . eke Een 56Fe 1165р 56Fe 


Mass of the sample m (g) 0,729 1,535 0,729 12535 0,729 1,535 


Thickness of the sample d 


Sem EE S 0,48 1,01 0,48 1,01 0,48 1,01 
Period of irradiation (тїп). 3 3 1/6 1/6 1/2 1/2 
Initial activity V, (imp/min). 8,88 · 102 | 1,11 : 104 | 18,5 · 10? | 4,64 · 102 | 3,45 - 103 | 8,20 - 10? 
Saturation activity Vg, 

(OP ON) e e rete 2,40 · 103 | 8,34 · 105 | 4,48 · 103 | 6,2 -105| 4,32. 103 | 3,7 · 10° 
Abundance of the examined 

Isotopeso/ нир А 23,48 91,64 14.07 91,64 14,07 91,64 
Number of nuclei of the 


isotope in the sample . . 3,87 - 1020| 1,53 - 10??| 5,20 - 1020 1,53 · 1022] 5,20 - 1020] 1,53 - 1022 


Transparency of the sample b 2,67 4,05 1,32 4,05 . 1,32 4,05 
Thickness of the window 
PART” ee E ы" 0,00305 | 0,00305 | 0,00305 | 0,00305 | 0,00305 | 0,00305 


Thickness of the filter g/cm? = SS 
Correction coefficient of the 


window and filter. . . . 1,03 1,02 1,01 1,02 6,22 1,02 
Ratio of neutron intensity 

и Ter i 0,76 1,28 1,28 
Cross-section in relation to | 

polo Ted ms 0,042 | +18% 0,052 0,053 
Cross-section o[mb] . . . . 1,3 1,6 
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In view of this we use equation (4) to calculate И... Taking equation (11) and the 
values contained in Table V we find 


= 

Voo Fe/ III 

ES 
Yoo Fe/ II 


where the indices Il and III refer respectively to the second and third series of meas- 
urements. Hence u = 3,43 cm?/g and Ep max ~ 2,8 MeV. 

This value agrees, within the limits of experimental error, which we estimate 
to +0,5 MeV. with the value Esmay = 2,95 + 0,10 MeV as determined by Lawson 
and Cork (Lawson 1940). 

It should be noted that the experiments described above supplied us with proofs 
that 116[п and !*In are formed in tin irradiated with fast neutrons. We still had to 
prove that these isotopes are formed in the reaction (n, p) and not in any other way. 

In our conditions two reactions leading to the formation of indium nuclei could 
take place, namely (n, p) and (y, p). This last reaction had to be taken in to consider- 
ation as the deuterium which we used could have contained a certain, though very 
small, amount of hydrogen 1H. Protons reacting with the lithium target could pro- 
duce y quanta of about 17 MeV energy (from the reaction 7Li (p, y) 8Ве) which in 
turn could cause the reaction (y, p) in the tin sample. We therefore had to prove that 
in our experiments the importance of this reaction is entirely negligible. 


e "d = = 0,162 


With this aim in view, we carried out a radical test using light hydrogen, instead 
of deuterons, to bombard the target. The tin samples, which were placed in the same 
conditions as in former experiments, after irradiating for 3 minutes showed only an 
infinitesimal activity. The results of one such measurement are given in table VI. 
For purposes of comparison we show also the results of a measurement in the first 
series (irradiation for 3 minutes with deuterons). 


Table VI 


A comparison of the activity of a tin sample, the target being bombarded with protons and with deuterons 


Lapse of time from the end of 
the irradiation. . . . . « . . 


Control measurement 
(bombarding with 


Number protons) . . . . . x8 
of impulses 
per minute Measurement in se- 


. ries I (bombarding 
with deuterons). . 


6. 2. Calculation of the cross-section of Sn and: 1Sn for reaction (n, p). 
The effective cross-section of 118Sn for reaction Sn (n, p) "In was calculated on 
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the basis of the II and III series of measurements, and the cross-section of 8Sn 
for the reaction 11850 (n, р) "п on those of the first series. The data necessary 
for these calculations are given in table V. The transparency of the tin samples was 


А Елле 
calculated with the help of equation (14) and of curves 12 апа 13. © Sn indicates the 
Fe 
ratio of intensities of neutrons which pass through the tin and iron samples during 


the exposition. These samples, as may be seen on Fig. 18, were placed in different 
positions in relation to the source of neutrons (target). We therefore had to take 
into consideration the resulting difference of neutron intensities. 


9. Summary of results 


To compare results of our measurements with expectations based on the statis- 
tical theory of nuclear reactions, we calculated the effective cross-sections of the 
examined isotopes on the basis of the paper of Weisskopf and Ewing (Weisskopf 
1940). | 

According to the statistical theory the effective cross-section of a nucleus for 
the reaction (n,p) may be calculated with the following equation: 


Fp (En — Тир) 
* (n, p) m (En) F, (E,) 47 F, (E; 7: Т.р) SÉ Ра (E, TES 1) + m (16) 
where Б, Fa» F,, etc. denote certain functions which determine the probability of 
emission of a proton, neutron, or a particle etc. from a complex nucleus; 

o (E,) is the effective cross-section of the initial nucleus for the formation of 
a complex nucleus on colliding with a neutron with E, energy; 

Т» is the threshold of the reaction (n, p) and therefore, in agreement with the 
theory of a complex nucleus, the difference between the binding energy of a proton and 
of a neutron in the complex nucleus, T,, is the threshold of the reaction (n, a). 

For neutrons possessing a high energy, for which the de Broglie wave-length 
is much shorter than 27R, (R is the radius of the nucleus) o, is equal to the geometrical 
cross-section of the nucleus xR. The functions F,, F,, F,, ... in general F 4 are de- 
termined by the equation 


En — nf 
2M 
Е, (E, — Tu) === | E, а, (Ej) W, (E, — Tap — Ej) dE; (17) 
0 


where E, — the energy of the proton (neutron, a particle, etc.) on leaving the com- 

plex nucleus, M, — mass of the proton (neutron, a particle, etc.), о (E р) = cross- 

section for the formation of a complex nucleus as a result of the collision of a proton 

(neutron, a particle, etc.) with the nucleus, which is the final result of the reaction 

Un, p), (n, n), (n, а), etc.) and which possesses an energy of excitation equal to 

. E, —T,,—E,, W, = density of levels in the final nucleus after the emission of 
a proton (neutron, a particle, etc.). | 
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The theoretical cross-sections given in Table VII next to the measured cross- 


sections are calculated with the assumption that the geometrical cross-section of the 
nucleus is determined by the following equation: 


R — mäi (18) 
where A is the mass number, and rę = 1,3- 10-13 ст, We assumed according to 


the statistical theory the following relation between the density W, of energy levels 
and the excitation energy E 


У (Е) = се? Jak, (19) 


where a is а coefficient connecting the excitation energy with the temperature Ө of 
the nucleus: 


Е =а6". (20) 
We accepted this coefficient for our calculations according to the paper by Weisskopf 
(1940) quoted above. 

We determined the functions F, and F, for each examined isotope and on their 
basis we calculated o, , for various energy values. For illustrating this we give o, p (En) 
for 56Fe, 52Сг and 11@5п (Fig. 22). In our measurements we obtained mean values 
of cross-sections for a neutron spectrum ranging from 2,92 MeV to 15 MeV (cf. 8 3.4). 
Therefore, for purposes of comparison, we had to calculate the theoretical cross- 
section for the same spectrum range, taking of course into consideration the shape 
of the spectrum (Fig. 1). 

The results of measurements are shown in Table VII. According to the forecasts 
of the statistical theory the theoretical cross-sections of even-even nuclei (Z and N 


even numbers) were multiplied by 2 (Weisskopf 1940). 
Table VII 


Treshold of the 
reaction MeV 


(ај OFe)exp Ozheor mb 


On comparing experimental and theoretical values given in table VII it appears 
that although the values are of a similar magnitude and the general character of changes 
of the examined cross-sections c, , with changes of the atomic number Z is in agree- 
ment with the forecasts of the statistical theory, yet in individual cases there occur 
large discrepancies. We find that the cross-section of Sn and 56Fe are in reality 
larger than the theoretical ones, while those of As, 52Cr, and ?’Al are smaller than 
was expected. This latter case is difficult to interpret on the basis of the statistical 
theory of nuclear reactions in view of the small number of nucleons. As to the other 
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cases, however, it is necessary to try to determine whether these discrepancies under- 
mine the statistical theory or whether they are in agreement with it. Let us, therefore, 
examine briefly the possible causes ot these discrepancies. 

(1) In the first place it must be noted that the theoretical cross-section depends 
in a high degree on the choice of the geometrical cross-section, and therefore on the 
coefficient ry in equation (18). Unfortunately, numerous papers dealing with the ex- 
perimental determination of nuclear radii (for instance Feshbach 1945, Blaser 1951) 
give different values of r, for different elements as well as for different methods of meas- 
urement. Hence there exists a certain possibility of a false evaluation of the cross- 
section 0, р) theor, Which, as was proved by our calculations, is very sensitive to the 
choice of rę. 

To illustrate this we present the results of calculations of c,,(E,) for the nu- 
cleus 116Sn with different values of rę, namely rę = 1,3 · 10-13 cm and rq = 1,5 • 101? 


(curves 1 and 2 on Fig. 23) at equal -26 


temperature of the nucleus in both 
cases. In the case of ry = 1,5 · 10 13 ст 
On,» Was З to 4 times higher than in 
the case of (г, =. 1013 cmo его“ 
fore, assuming the coefficient rę = 1,5: 


-25 
-26 
E 522 
e -28 
8 
- И 
-30 | 1 | -B 
4 6 8 10 12 14 4 6 8 10 12 14 16 
Energy En [MeV] Energy E, [Mev] 
Fig. 22. The dependence of the cross-section of Fig. 23. The dependence of the cross-section of 
52Cr, 56Fe and 1165п for reaction (n, p) on the 116Sn for reaction (n, p) on the neutron energy. 
neutron energy Curve 1 calculated for r = 1,3. 10713 cm. 


Curve 2 calculated for rę = 1,5 · 10-13 cm, 


Curve 3 calculated for rę = 1,5 - 10-13 
-13 116 : ES 0 5 cm 
10 for !!*Sn (in agreement, inci- but for a temperature lower by 8% th у 


dentally, with the results of Amaldi the case of curve 2. 

(1946) in his paper on scattering neu- 

trons of 14 MeV energy, and therefore in conditions similar to those in which 
our experiments were conducted), we obtain as mean theoretical cross-section for 
the spectrum of neutrons used o, = 0,33 mb, a value which is much nearer to 
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the experimental one. If we proceed like this in the case of 56 Fe for a higher value 
of' rg, we obtain results which agree with our experiments. 

Things are different in the case of 5?Cr and As. As the value ry = 1,3: 10-13 
taken for our calculations is more or less the lowest of the values obtained for r, by 
experiment, by a suitable choice of this coefficient we might expect to gest a further 
increase instead of a lowering of the values of с, „. Therefore differences between 
9,,, ANd О,’ in the case of 52Cr and “As do not originate in the choice of гу. 

(2) As in the case of ry, assumptions concerning the temperature of the nucleus 
exert an important influence on the value of o,,,„. In order to show this dependence 
on Fig. 23 we present curve З, showing the cross-section c (E,) calculated for the 
same nuclear radius as in curve 2(ry = 1,5 : 10-13) but for a temperature lower by 
8%. It appears that even a small lowering of the assumed temperature of the nucleus 
causes a large diminishing of the cross-section of the nucleus for the reaction (n, p) 
(Fig. 23, curve 3). The mean cross-section of 118Sn for the range of 3—15 MeV was 
diminished 3,5 times (former value 0,32 mb, present value 0,092 mb). An appro- 
priate correction in respect to ??Cr and As nuclei could of course bring down the 
theoretical value of the cross-section to the observed level. This procedure, however, 
would lead to changes of cross-sections for other reactions, e.g. (п, 2n), etc., and 
to a change of the energy distribution of products of the reaction. Such research 
should be undertaken on the widest possible scale. But since for the time being there 
is a lack of sufficiently conclusive experimental material, we must refrain from pro- 
posing changes in the assumed temperature of the nuclei. We may state, however, 
that the fact that the necessity of such changes arose concerning certain nuclei only, 
might in itself affect the uniform character the statistical theory and might prove 
at least that in addition to the mechanism on which this theory explains these nu- 
clear reactions other processes take also place. These processes even at such low 
neutron energies as were used have a considerable influence on the results of the 
reactions. 

(3) We must finally pay attention to the dependence of c, „ on the threshold of 
the reaction T, ,, since certain discrepancies between theory and experiment might 
be explained by insufficient knowlege of this threshold and the consequent error 
in theoretical calculations. This value is not known from direct measurements and 
must be determined by indirect methods. In the case of light nuclei, whose masses 
were determined with high precision (to the sixth and even seventh decimal place 
(Dzhelepov 1952)), we used the mass calculation to determine T,,. In the case of 
heavy nuclei we determined the threshold on the basis of the decay energy of the 
product nucleus. We utilized the fact that nuclei which are products of reaction 
(n, p) are as a rule B-radioactive, and therefore their decay leads to the formation 


of the initial nucleus 4 X(n, p) 4 ‚У P 4 X 


In view of this the threshold of reaction (n, p) amounts to 
Ты = E* + mg — m, (19) 


э. 


y 
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where E* = energy of decay of the product nucleus AF, my = mass of a hydrogen 
atom, m, = mass of a neutron. 

In this way we determined the threshold in the case of **Cr, 56Fe, 75Аз, and 
116Sn with as small an error as the precision of measurements of E* permits. In the 
case of 118Sn, an isotope with as yet a very short history, since it has been observed 
only in the reaction (y, п) (Duffield, 1949) 
and (n, p) (Wilhelmi 1953 and the present 
paper), the y photon energy is comple- 
tely unknown. In view of this we could 


only determine a further threshold limit 
(assuming the photon energy equal to 0), 
and the corresponding upper limit of the 
cross-section. On this example we exam- 
ined the influence of the height of the 
threshold on the cross-section, assuming 
different values of T, , (0, 1,2,3,4, MeV). 
We found this influence to be enormous 
(Table VIII, Fig. 24). From this example 
we see that a change of the threshold 
energy from 3 MeV to 3,5 MeV, i.e. by 
17%, diminishes the cross-section six 


109 10 61, (Eng in cm? 


1 2 3 
Reaction threshola n.p [MeV] 


Fig. 24. The dependence of the theoretical cross-sec- "` у ж эр, у 
tion of !8Sn for reaction (n, p) on the choice of times: In view of this it is obvious how 


the threshold of the reaction. great is the importance of exact knowl- 

edge of the decay energy for calcu- 

lating o. veer: It is possible that it was precisely an erroneous estimation of 
E* that caused the discrepancies between experiment and theoretical forecasts in the : 


Table VIII 


The dependence of бар on the reaction threshold T, o 


Threshold energy 


6 MeV 430-10 739 
On,p 8 MeV 3,63 - 10-29 3,74 · 1073: | 1,07 · 10 33 
cm? 10 MeV 1,17 • 10728 4,25 · 1079 | 7,20 - 1073! 
E, = 14 MeV 2,14 + 10727 7,40 · 10729 | 1,62 · 10730 
mean 0, p (cm?) for 
a neutron spectrum with 
Е = (13 + 15)MeV fiai on Oe? 1,66 · 10729 | 4,70: 10 30 


case of 5As and 9?Cr. Our calculations of T, , for As were based on the paper by 
McCown et al. (1948) who did not notice y-radioactivity of Ge nucleus, which 
is the product of the reaction As (n,p). Now an earlier paper by Seaborg et al. (1941) 
mentions the presence of y rays in the spectrum of this isotope, even though their 


- 
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energies were not given. If therefore nucleus Се really emits a y photon as observed 
by Seaborg, then its decay energy E* would be higher than that which we assumed 
for our calculations relying on McCown, hence the threshold energy would also be 
higher and the theoretical cross-section would be near the experimental one. 

We noticed no anomalies in connection with the magic atomic number Z = 50 
during the determination of the cross-section Сур Of tin. The cross-section for the 
reaction (n,p) was not lower than that expected on the grounds of the statistical 


theory. But we must consider that the theoretical cross-section depends to a high 


degree on the threshold energy T,,, and therefore on the energy of binding of nu- 


cleons in a complex nucleus, for the higher the energy of proton binding, the higher 
is the threshold of the reaction. As nuclei with a magic number possess a singularly 
high proton binding energy, while utilizing an experimental value of T,» for calcu- 
lating 0, „поо > we include at the same time to a certain degree the "magic" of the 
nucleus. A more thorough solution of this problem would require a comparison of 
the measured cross-section of tin with cross-sections of nuclei with Z in the vicinity 
of 50, in particular with that of antimonium (Z — 51), and would require a similar 
investigation of cross-sections of nuclei with other "magic" numbers and of their 
neighbours. 
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KPATKOE СОДЕРЖАНИЕ È 


3. Вильтельми, Эффективное сечение атомных ядер на реакцию (n, p). 


Выполнены измерения эффективного сечения ядер ?9Mg, 27А], 52Cr, 56Fe, 75As, 
1168n и 118Sn на реакцию (n,p при употреблении нейтронов c реакции Li (d,n) 
при энергии дейтеронов 0,75 MeV. Е 

Разработано простой метод определения поправки вызванной рассеянием 
и поглащением В электронов в материале облученных образцов. 

Обнаружено две новые реакции 116Sn (n,p) 116In и 118Sn (пр) 1181). Получен- 
ные результаты сопоставлено с эффективными сечениями вычисленными на 
основании теории Вайскопфа и Эвинга. Предискутировано причины расхождений 
учитывая зависимость эффективных сечений от радиуса ядра, температуры ядра 
и порога реакций. 
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ON THE 8-FORMALISM OF KEMMER AND ITS QUANTIZATION 
ON THE BASIS OF SCHWINGER'S VARIATIONAL PRINCIPLE. 
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The ,,6-formalism“ of Kemmer and its canonica] quantization is deduced in a fully 
relativistic form on the basis of the quantum dynamical variational principle of Schwin- 
ger. A detailed investigation of lhe problem of constraints is given. In spite of the special 
type of constraints inherent in Kemmer’s formalism and a somewhat symbolic character 
of the division into dynamically independent and dependent field components, the re- 
sults are quite identical with those of the original Kemmer formulation. The canonical 
commutation relations for independent, dependent and total field variables (the last 
being sums of the two preceding) are obtained. Some precautions are necessary 
(in the case of first order field equations treated here), in consequence of 
the mutual dependence of the field variables and their canonical conjugates. 
The comparison of the canonical commutation relations obtained in this way with those 
of Kemmer and with the relativistic form of the commutation relations given by Pauli 
shows their full conformity and equivalence. It is also shown that the Duffin-Kemmer 
matrices Ва and the Dirac matrices y, аге the only possible hermitian operators with 
eigenvalues 0, +1 (or +1) leading to the field equations of the Dirac type. 


I. Introduction 


It is well known that there exist two formulations of the boson field theory: the 
usual one, starting from the Klein-Gordon equation and the other, based on Kemmer's 
(1939) "B-formalism", i.e. on the first order field equations 


B f 9, ф ck xy =0 
9, B, — хр = 0 (1) 
for the field in vacuo, with the Duffin (1938) — Kemmer matrices B,, obeying the 
transposition rule 
Bab, Bons be Pr B, = p, E Ons: (2) 
This last formulation is a synthesis of the theories for spin 0 and 1. Kemmer’s 
theory, being the "first quantization" of the boson particles, allows a subsequent 
"second quantization", presented in several papers. The case of interaction with 
Р, (275) 
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other fields, e.g. the electromagnetic field, is treated by methods closely parallel to 
Schwinger's treatment of quantum electrodynamics, in the interaction representation 
(Neuman and Furry 1949, Moorhouse 1949, Peaslee 1950) or in the Heisenberg 
picture (Yang and Feldman 1950), with the relativistic commutation relations given 
by Pauli (1941) as a starting point. All these considerations (and other ones concern- 
ing for instance the problems of mesodynamics) establish the full equivalence of 
both apparently different methods of boson field quantization. 

In the following the canonical quantization of the B-formalism is deduced from 
a variational principle on closely analogous lines to those used by Schwinger (1951). 


Il. The variational principle and the field equations 


The variational equation of Schwinger is of the form 


OI, = Е(01) — F (03). (3) 


where 


Wie = if Ldx, (3) 


ÓW, = | до ах + ( ji — f ) Lôx do, (87) 


Wio is the action operator, L the Lagrange function, F(o) an hermitian generating 

operator of an infinitesimal transformation on a spacelike surface o; Aal, denotes 

the variation of the Lagrange function induced by changing the field components 

at a point xy, and 6x, denotes the displacement altering the region of integration. 
We assume the Lagrange function! 


|| с Be — 
L = —-; (р, 8, 3,9) — (9,9, B, v) + 2. Co v3) (4) 


antisymmetrical regarding 9, and symmetrical with respect to the order of the y 
and y operators. This last property is one of the basic postulates of Schwinger for 
boson fields. The 8,5 could be assumed to be Duffin-Kemmer matrices, satisfying (2). 
However. most of the features of the formalism can be deduced from a weaker con- 
dition i 
Bs = Bus s (5) 
expressing that В, have eigenvalues 0, +1 (as is the case for Duffin-Kemmer matrices). 
As will be shown in Appendix I, this condition suggests already (under some quite 
general assumptions) the transposition rule (2) as the only possible one for boson 
fields. 
The similarity of the two cases: the Dirac formalism (fermions) and the Kemmer 
formalism (bosons) is rather superficial. Apart from the statistics, a fundamental 


YThe units h = с = 1 are used. 
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difference of the two cases consists in the fact that the B, matrices are singular. This 
becomes evident by the introduction of the fields л, x canonically conjugate to the 
fields y and y. Using Lorentz-invariant notation, we obtain 


9L = 

diy == OW, pg". ei 
SEN, (6) 

L7 du, = gr | 
eebe B 
E x 0 

л = — пула = — Duy), 

where n, is a unit timelike vector? and 

By = n, Bu (8) 


is an anti-hermitian operator (with eigenvalues 0, +i), introduced by Furry and 
Neuman. As л and л vanish for By = 0, we have to do with the case of a field with 
constraints. The field variables must be divided into dynamically independent (or 
"canonical") and dependent ("constraint variables") denoted by Schwinger Фе, z^ 
and $^,z^ = 0 respectively, the latter being eliminated subsequently from the ca- 
nonical commutation relations. In order to distinguish both kinds of field variables 
explicitly in the Lagrange function (4), as is needed in Schwinger’s formalism we 
express y and y in the form 


ф = y! de yt | 
| yz=y' +y (9) 
with 
y! = —Bry ут = (1+ бду 
p = — Ви 9 = (1 + By). (9) 


It is evident, that y”, y! play the role of canonical, pl, wl" of constraint variables, 
since ( 
| y = рї, y = 4р, ин COLOR p 

for (9) 

Вы 0 

Nevertheless the decomposition (9) ought to be regarded rather аз a symbolic one, - 
selecting the cases By + 0, By = 0 for the same field variable, anıl not as a consequence 
of the equations of constraint (as for instance in Kemmer's original formulation). 
` These last equations must be deduced as Lagrange equations of the variational prob- 


lem for the case By = 0. 
Introducing (9) into (4), we obtain for L the expression 
II 3 
L = m У (Go) BO PY — (9,97, Ва“) + 2x w”, y^). (4) 


УК=1 


p =y", y =y", л=бл=о 


2 The direction of the vector т, used here is opposite to tliat of Schwinger. 
Ў 
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Hence we can formally define the fields canonically conjugate to y, y? (J = I, П) by 


тт. ðL cp 
МЕ u дүп и A 
= | ар s. e: 
AET u Gell u 
лі = R, лі = л! = =n; m = Ypy | (7) 
лі! = —n, ль = л! = = л! = — Вар. 
Comparing these expiessions with (6), (7) we see that 
лі = = WSE = Ли» лї = ли MAS (10) 
xb abl M EC 


These relations emphasize the symbolic character of the decomposition (9). Since "I", 

"IT" denote respectively the cases By = —1, By = 0, it is possible to select them 

for the x and 7r fields in the same way as was done beforehand for y and y, i.e., multi- 

plying x and x by —f?; and 1 + B$ respectively. In this way one obtains analogously 
to (9) 

ла = VB, Вх ли = — VB, (1 + By) 

ш ф u FN D ф B N. 


=н 2 сап! 2 m 
л, = — DN Pa Y Ty = (1 + Bu) B, V 
Lg atl тоо на 
лі = — Вур wi = —(1 + В) Bu v = 0, 
so that 
л, = T+ SC ELE m; ae SH (13^) 
И qa") 
For the deduction of (12) the relations 
ao (14) 
~ Bx + H = (1+ ВА) By (14) 


were used (they follow immediately from (5) and (8)). 

By (9) and (13) a double manifold of the field variables is apparently introduced, 
but this causes no difficulty in the variational procedure, which yields the same field 
equations as before. Indeed, putting ~ 


СЕЕ. =. 
AL = — У, 007, В, 9, v) ek 
JK=I 1 
ll E E CET (15) 


+ 2x {dp7, рк) + 2x (93, дук}, 
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integrating by parts and taking into account the commutability of dy7, дрј, дл? 97? 
with all dynamical variables (characteristic for boson fields), we have from (3) and (3°) 


а, II 
07, —2 | dix A (—6y? (B, 9, vK + хук) + (9,9? B, — x) dX} 
2 D и 


са DK 
п З (16) 
IS (/ à f) do, M (9р7 B, vF — y? B, ду“) + Los, | = F(o,) — F (03), 
Bif JK=1 
hence S 


CA II II II 
J |У д y? У (8, 9, yK + хук) e (8, 97 В, — PS дук = 0. (17) 
: у= = = RSI 


Since only the (independent) sums of the variations ду, др appear under the integral 
sign, we obtain immediately the Dirac equations (1) for the total field variables. 


Ш. The problem of constraints 


According to Schwinger's formalism, a restriction implied on the structure of L 
n the case of a field with constraints is expressed by 


Vh ue TE А АА (18) 
where a and A denote the canonical and constraint variables respectively. S,, is a ge- 


nerating operator of an infinitesimal Lorentz transformation: 


OX, = Ey, Хр Św aor? (19) 


Tee Tool 5 2303 (20) 


The Lorentz invariance of the field equations (1) implies for 5,, the condition (Pauli 
1933 pp. 220, and Kemmer 1938) 
i (8, de Ex SY p,) zm on В, Si 0e В, (21) 
which is fulfilled for the Dirac matrices y,, as well as for the Kemmer matrices f, 
given by (2), with? | 
› 1 
54 = — (р Yo — Ve V») (22) 


РО im 
Quer GET (22) 


Therefore it is evident that (21) cannot give an explicit form of both the 5,, operator 
and the related transposition rule for B,. However, considerations based on some quite 
. / 1 , 
general assumptions (given in Appendix I) suggest that the two cases (22') and (22’’) 
o 
з Expressions (22^), (22”) differ by a factor l/i from those of Pauli and Kemmer, owing to an 
i-factor introduced in (20), according to Schwinger s notation. 
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are the only possible for operators obeying (5). This conclusion leads to the Duffin- 

Kemmer matrices (2) and S,, of the form (22") for the boson field described by the 

operators В, with eigenvalues 0, 4-1. The meaning of a and A in this case is as follows 
> H 


S74 is different from zero only for а = А (as the Lorentz transformations do not mix 
the y and y functions). Expressing in (18) ла, л“ by (11), (11^) and ordering aproppri- 
ately all the operators, one obtains 

vn, B, — n, B,) (1 + 83) — By (В, B, — B, B,)} = 921 = 0 

{(1 d: Вк) (л, P, o B.) ws (8, В, x. B,) By} ie i Эф = 0. (23) 
Remembering that L is bilinear in y, y, and taking into account Schwinger's postulate 
of invariance under time reflection, one can write (23) in the form 

(у, (21 + 3)y) = 0, (24) 


as only the sum of both О; and Q, is compatible with this postulate. Treated as а re- 
striction upon structure of the fj, matrices, this relation gives 


(п, B, — n, В. À + Вк) + (1 + By) (n, В, — n, B,) 


= (By B, В; + В, B, Ву) — (Вы B, В, + B, B, Bx). (25) 


The equation (25) is identically fulfilled by the Duffin-Kemmer operators. One can 
also deduce from (25) by elementary though lengthy calculations the relations 


Bk B, + B, BR = By Be By — By. (25') 
bn B, By = By De (25) 
Dx В, В, ch B, В, Ên AZ p, T By де (25'”) 


In other words (25) leads back to the transposition rule (2) for the special case of 
a component normal to the spacelike surface. 

In order to obtain the equations of constraint E in the formalism of Schwin- 
ger, one has to multiply (18) by n,, getting thus U , which should be introduced 
then into the Lagrange equations 0 the dependent ZA It can easily be verified 
that the лз obtained in this way are, owing to (2), identical with expressions (11). 
A ан бену arises from the fact that no separate Lagrange equations for the constraint 
variables are available, as the variational principle yields only equations (1) for the 
total field variables y and ф. Nevertheless, the needed separation can be performed 
by multiplying these SB SB by (1 + 82). This procedure shows a close analog gy 
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with Kemmer's original deduction of the equations of constraint. In this way, using 
(2), (9') and the relation дат, = 0, one obtains 

xp = — 91 В, yl 

ny = diy! B, (26) 


This is indeed a relativistic form of Kemmer’s equations of constraints. 


IV. The commutation relations 


The stationary action principle (16) gives, on account of (17), the form of the 
generating operator (0): 


п 
F(o) = | às, » (dp? B, of — y? B, дк) + dx, Д (27) 
= јК=1 
For the case of transformations on a constant surface о (dx, = 0), one obtains, putting 
да, = до n,, and introducing the fields mJ, л? by means of (11) and (12), 
I 
Е, = | do Y (693 ле + л? ду“) (28) 
ZK-I 


However, only the terms J = К = I contribute to F,, ; this is easily seen by taking (9’), 
(12) and (14) into account. Therefore 


Fy, = — | do (бр! T + a' dy’). (29) 
In the same way one can get 
Fy, = | do (xy! + yt dm), (30) 


differing from F,, by a unitary transformation on c. The symbols F,,, Fa, denote 

the generators of the transformations produced by дут, dy! or дл!, ӧл! respectively. 

The quite corret procedure should be that, displayed in the „Тћеогу of Quonti- 

zed Fields II* (Schwinger 1953 b) which takes into account the mutually depen- 

dence of the oy and ол variations, being a consequence of (7). We limit ourselves 

to the simplified formalism based on the part I (Schwinger 1951), getting thus 

the commutation relations without the factor $, They are to be obtained by 
combining (29) and (30) with the operator equations 

[С, Fey] = — iô, C (31) 

[С.Е = —i 0, G (317) 


A IA AGE ап 
and substituting for an arbitrary function G of the field variables on owl, yl, nl, л 


successively. The relations (7) inanifest their existence by the non vanishing 
value of the ô nf, 6,7’, дар and ó,y! variations; as consequence, the 
commutators [у], y’!] and [zl all are also different from zero. | 

The explicit calculations given. in Appendix II lead to the following form of 


the canonical commutation relations for the independent field components 
# o 
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р] = (Вл) 99 (x — ж) 

[v vt] = [ve v2] = 0 (327) 
[2], 21] = — (By) «99 (x — =) 

[mp жу] = [re ла] = 0 (32) 
[vp al = — i (BR) 9? (x — x") 

[1,92] = i (ВЮ Ф (x — х) (327) 


[ve л] = [ve л] = 0, 
yt, y being abbreviations for w(x), р(х) with х and x’ lying on a spacelike surface; 
ó(? (x: — x^) is a relativistic generalization of Zä: — r'). The above equations are 
evidently invariant under interchange of x and x' The quite correct formulae should 
contain the factor 3. 

The relations (32) are to be compared with the canonical commutation rules 
cited by Kemmer*, which can be written in a relativistic form аз 

[y wi] = [yo ла] = д.09 (x — x") 

[yo m'i = lvo ла] = 0. (33) 
` Both formulations (32) and (33) are equivalent, since for the canonical components 
”I” (Вија; = —02,. The original form (33) given by Kemmer could also be 
obtained on the basis of Schwinger's formalism (see Appendix II), but was replaced 
by (32"), by using (14). This last form seems to be preferable since formally 
it is fulfilled also for By = 0, while (33) leads then to a contradiction. Another argu- 
ment in favour of (23’’) instead of (33) is provided by comparison with the relativ- 
istic commutation relations given by Pauli (1914). The corresponding computations 
are given on Appendix III. 

The canonical commutation relations (32) contain only the dynamically inde- 
pendent field components yl, w”, ли, лї. It is also possible to formulate the commu- 
tation rules for the dependent field variables. The simplest way of obtaining them, 
closely analogous to Schwinger's method of deduction, consists in combining (32) 
with (26), as these last equations express the constraint variables by means of the 
tangential derivatives of the canonical variables. A simple computation gives? 


[vets wr] = = 9,99 (x — a’) (B, Bde. 
lv PY]= = 2,09 (к —=) (By Boer | d 


[фу Р] = [у], vi =0 | ~ 


* Kemmer’s commutation relations lack also the factor 1. The necessity of this factor 
for the consistency of the cononical commutation relations with operator equations was noticed 
not long ago (Burton and Touschek 1953, Schwinger 1953 a) 

5 With the same precaution as mentioned before, regarding the mutual dependence of лї, yl 


and лї, yl. The correct relations contain also the factor 5. 
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I , l 5 NO d 
EU 
[ль vido — 9,99 (« — 2) (By? Bader EW 


Wie e — À 9, 8,00 (к — a) (8, Ву Bes 


— 1 


II П AIT (35) 
[Ye > Y lr [yoo V „| = 0. 


1 II 


The commutators containing zl, x" need not be written explicitly, as they vanish 
identically. 
Using (32), (34) and (35) one can deduce also the commutation relations for the 


total field variables given by (9). After some simple calculations? one obtains 


[ver Wed =i |B + 86 (Bu Byt ћу A де). (86) 


от 
This equation can be identified with the relativistic commutation relation given by 
Pauli (1941)* 
mf 1 1 , 
[poy EIC Ps zs В, 9, di A (x —x), (37) 
от 
with the only difference that in (37) x and x’ are quite arbitrary, while formula (36) 


(as issuing from the canonical formalism) is limited to (x — x)? > 0. The proof 
is given in Appendix III. In the same way other commutators can be obtained: 


Про у] = ly. v] =0 (37') 
mo s Zell ne 


bes) = zt) а) 0e- e 


Ye 2] = Фе лу] = 0. 
I should like to express my sincere thanks to Professor J. Rayski for suggesting 
the problem, for his kind interest in this work and for valuable discussions. 


APPENDIX I 


The possible forms: of the S,, operator for fields described by the Dirac equation 


From the Lorentz invariance of the Dirac equation relation (21) results imme- 
diately. It can be considered at the same time as a condition for the generating opera- 


в Use is made of the special form of (2): By By В,+ В» Bn Bu = Buty + By пд. 
7 The lack of the factor E ishere of quite another origin, it results from the Lagrange 
function used by Pauli, differing by xhis factor, compared with (4) or (4). 
f 
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tor of the infinitesimal Lorentz transformation S,, and for the transposition rule 
of the matrices В, appearing in the Dirac equation. It is known that (21) is fulfilled 
for the electron field with Dirac matrices y, and for the Kemmer field with the mat- 
rices f, given by (2), when 5,, assumes the form (22’) ог (22'') respectively. This 
fact suggests the problem of other possible forms of 35 and B, by which (21) might 
be also formally satisfied. We limit our considerations to В, with the property (5)8. 
It may be easily seen that all the admissible transposition rules must contain expres- 
sions of the first and the third degree in the operators £,, B,, В, in order to have (5) 
as a special case for и = v = о. No terms of zero or second degree can appear, 
since this would destroy the tensor character of the relations. Therefore, for hermi- 
tian operators В, these relations can be written in the general form 


AB Ê, Ba + В,8,8,) + aD, BB, + Bubb) + аз(В„В„В, + BrBuPo) + 
+ 6. (В,В,В, — BoB,B,) + 6з(В,В.В, — BB. B.) + (8,8,8, — В,В„В)} = 


KS C1Py0vo + CoB, Ong Së са Водри» (1.1) 
with constants ај... сз subjected only to the condition 
2(a, + а, + аз) = су + са + са (1.2) 


on account of (5). Postulating the invariance of this expression under a cyclic permuta- 
tion of m, у, о (as no one of the indices is privileged) one obtains 


Gg = Ge = z = 0 ыы = Со == Cape 24. (1.3) 


Without any restriction of generality one can put a = 1. Then (1.1) becomes 


ae, + Babba — 28,8.) = —b Y (8,66, BAR (14) 


wę 

where ) denotes the sum of the expressions obtained by cyclic permutations of 
` are 

и, v, о. We notice further that when any two of m, v, o are interchanged, the left 

hand side of (L.4) remains unchanged, while the right hand side reverses its sign. 


In consequence one must put b = 0, that is 


у 5.66, — Ba, Bı —28,9,) = 0. (L5) 


Deg ` 


The equations (L5) and (21) suggest in turn the form of S,, as bilinear and antisym- 
metrical in B, p,: 


1 
Xm = ig (8,8; m В,В,), (1.6) 
8 denoting an arbitrary constant different from zero. Putting (1.6) into (21), we have 


(B,B,Be + В.В,в,) v (В„ВВ, xm B,B,B,) ae &(0,,B, AE де د(‎ (1.7) 


8 The case of Dirac field is compatible with (5); the matrices Vu fulfil the stronger condition y? E 
as they do not possess the eigenvalue 0. ; 
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and two other equations with cyclically permuted џи, Y, о. Combining two of them 
with (L5) we arrive finally to the relation 


B,B,Be = BB,B, = k(p, à, SE Вода) 5 2(1 ==) Do (1.8) 


where g is now expressed by another arbitrary constant К = (2 + g)/3 (k= 2/3). Intro- 
ducing this constant into (L6), we obtain 


1 
Duc GE 3) (РАВАН Bebe) (L8/) 


Equations (1.6") and (1.8), identically fulfilling (21), give the admissible forms of S, 
and B, with the property (5). Putting k = 1 and k = 2, one obtains the known cases 
of the Kemmer and Dirac fields, with S,, given by (22'') or (22^). The transposition 
rule is identical with (2) for the first case and assumes the form 


e В, у О) (19) 
for the second one. (1.9) can be obtained after some simple transformations from the 
usual transposition rule of the Dirac matrices: 

D ER Ore (1.9’) 
In order to explore more exactly the role of the cases k = 1, k = 2, and the possibility 
of any other value of k, we write (1.8) for u = У + o and u = о + v, obtaining thus 


: 2 = К 110) 
Br Bot Be Pe Pe | for v + 0; (v, о not summed) tn 
8, 6,8, = 1—08, | а 
These equations, multiplied by p, give 
(1 — k) (Bi — 8) =0 „ qu) 
Now, there are two possibilities: 
i) k =1, the Kemmer field 
ii) e 
=0 D 
B, Ba + 8,8, n S (1.12) 
pip (1.13) 


The last equation, multiplied once more by B,, gives, owing to (5), 


В, = р, В? = В Bs (1.137) 
that is 
8? = 1. (L13") 


Equations (1.12), (1.13'") are identical with (1.9'), they give therefore, the electron 

field as an alternative case compatible with (1.10), (1.11), besides the Kemmer field. 

The above considerations lead to the conclusion that there are but two possible 

cases of fields described by equations of the Dirac type with the hermitian operators 
po 5 7 
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obeying (5) — the case of the Kemmer field for particles of spin 0,1, with f, possessing 
eigenvalues 0, +1, and that of the Dirac field for spin 1/2, with y D having eigenvalues 4-1. 

The spin of these two fields is closely connected with the eigenvalues of 5, 
being an operator of infinitesimal four-dimensional rotations. By means of relations 


(1.10) — (L.11^ one сап deduce that 


в \? 
So = (2) SE (1.14) 
For k == 1 (that is f? = 1) we have also 
2 _ 4(k—1) M 
5% aig (1.15) 


One can easily verify, that 5% = S, for k =1, and 55 = 158,, simultaneously 
with S2, = 4 for k = 2. (The other roots of the obtained quadratic equation must 
be excluded, as they are not compatible with the remaining conditions). 


APPENDIX II 


The deduction of the canonical commutation relations 


They are to be obtained by introducing F;, and F,,, given respectively by (29) 


and (30), into the operator equations (31) and putting С = yl, yl, x!, л! successively. 


Attention must be payed here to the meaning of à, G, 6, G. Evidently 
6, y = dy 6, nl = дл! 
à, y! = dy" 6,7 = бл! (11.1) 


but for the remaining expressions one obtains, in consequence of the mutual depend- 
ence of zl, y! and zi, y! expressed by (7^) 


д, лі SS дур: (Bx) ro d. yl = (Вх), бл 
дуть = — (еб д. = — дл (Bree? 


instead of the usual value 0. The spinor indices are here explicitely introduced in 
order to avoid confusion of the fy matrices with their transposed?. Putting for instance 
С = y! we have from (31') 


— | do’ (a, uż aby др == Ia, tof e óy'D =—10 vi, 


(11.2) 


that is Se 
Il, E == dr де) (х ==%] (11.3) 
bel, e. = 0 (11.4) 
addat и ке ж аА КУ cox d. toa o o x RE - 


° This precaution is here more necessary than in the electron case, where the operators appearing 
in the canonical commutation relations (as e.g. Ów (Ya)uy) are symmetrical. 
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and from (31’’) 


Јао" (v. al, ów! + [yf Pg, бя) = —i (Brdar OR? 
[y vil, = 0 (11.5) 
[p el, = — (Вл BET, (11.6) 
where (II.1) and (П.2) are used. The computations are analogous in the remaining 
three cases mentioned before, giving commutation relations which are not all inde- 
pendent among themselves, owing to (7^), but can be reduced for instance to relations 
between y! and yl. It is easy to verify that all of them are consistent. 

An alternative form of the expressions for [v], л л'Ї] and Ka P1], besides (IL.3), 
may be also deduced, and a similar one for the second commutator. We have namely, 
using (9’) and (14), 

ду! = — Ву ôy. (11.7) 
Introducing the right hand side of (П.Т) into eq. (31'), one obtains in the same way 
as before 


be, л], = — (Вуд 9? (x — =) (1.3) 
instead of (IL3)?. Both expressions (П.3) and (1.3) are equivalent, in spite of 
their different form, since for the canonical variables "T" 


(Ва) Fr 220 (11.8) 
APPENDIX III 


The comparison of canonical and relativistic commutation relations for the 
Kemmer field 
The canonical commutation relations for the total field variables (36) can imme- 
diately be transformed into a form identical with that of the relativistic commutation 
relations given by Pauli (1941). It suffices to use the well-known properties of the 
Jordan-Pauli function A (x — x’), which can be expressed in a fully relativistic form by 


A(x—x) =0 (III.1) 
о, A ) —x') =0 (111.2) 
A x) eeh E E (Ш.3) 
^9" A(x —x') = 0. (11.4) 


Namely, substituting 6 (x — x’) from (IIL3) into relation (36), one obtains 
TEE +2 (б,бу + Ph) BO" | Alex). qua 
от 


But one can replace in (Ш.5) 


10 The analogous procedure to (31") gives no new result. 
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—By 9* > — By 9" + В, 85 = 6,8, (1.6) 
1 (8,8, бы 8" + fx 9" В, д) > —— (8,0, — ћу 9") (б, 8 By 2) 
3 E В, 9, B, 8, (IIL.6'') 
owing to (Ш.2) and (IIL4); then 
[Ye Pel = (8,9, — 8, д, By 7 шл) 


This equation has just the form of the relativistic commutation relation (37). 

It is also possible to reverse the last proof, that is to deduce the canonical commu- 
tation rules as a special case of the relativistic ones for (x — x’)? — 0; (36) is then 
easily obtained from (37). In order to arrive to other forms of the canonical commu- 
tation relations, for instance (32’’), one must multiply (36) by — (Вх)л, (Bn) ez (BN) av 
and use the relations fy B, By — Вып, 9, п, = 0. Simple calculations give then 


[V j, 75] = —(BN)ar 9 (x — х), (11.8) 


that is the second equation (32''); similar considerations give the remaining cases. 
It is interesting to notice, that the form (32’’), but not (33), results immediately 
from the relativistic rule (37). Kemmer's formulation (33) can be obtained from 
(32") by the argument used in deducing (П.8). 


KPATKOE СОДЕРЖАНИЕ 


B. Ганус, О формализме В Кеммера и elo квантизации на основании вариа- 
UUOHHO10 принципа Швинлера. 


Пологаясь на квантово-механическим вариационном принципе Швингера, вы- 
ведены основания формализма В Кеммера и его каноническое квантование в явно 
релятивистическом виде. Подробно предискутировано проблему связи. Несмотря 
на то, что связи в поле Кеммера специального типа и разделение слагаемых поля 
на динамически зависимые и независимые имели немного символической характер, 
результаты рассуждений проведенных методом Швингера не отличаются от полу- 
ченных на другом пути результатов Кеммера. Получены канонические правила 
переменнссти для слагаемых динамически зависимых и независимых и для их 
сумм, составляющих полные слагаемые поля. Необходима некоторая осторожность 
при применении соответствующих формул Швингера (в рассматриваемым случае 
уравнений поля первого порядка), по поводу взаимной зависимости слагаемых 
поля и слагаемых поля канонически с ним сопряженного. Сравнение полученных 
таким образом канонических правил переменности с правилами Кеммера и с по- 
данною Паулим релятивистической формой правил переменности, выказывает 
полное согласие и равновесность этих формул. Показано тоже, что матрицы Ви 
Даффина-Кеммера и матрицы Дирака единственные возможные гермитовские 


операторы имеющие собственные значения 0,+1 (или +1), ведущие к уравнениям 
поля типа уравнений Дирака. 


- 
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QUANTIZATION OF NON-LINEAR ELECTRODYNAMICS 


by MACIEJ SUFFCZYŃSKI, 
Institute of Theoretical Physics, University of Warsaw 
(received May 8, 1954) 


Non-linear electrodynamics of Born and Infeld is put into hamiltonian form by 
the method of Dirac’s Canadian papers. 


Field theories which are covariant with respect to transformations involving 
arbitrary functions possess identical relations between the field variables and the 
canonically conjugate momenta (Hilbert 1924). Various authors have been develop- 
ing the quantization in this case (Rosenfeld 1930, Weiss 1938, Bergmann and al. 
1949, 1950, Utiyama 1950, 1951, Penfield 1951, Anderson 1951). 

Dirac in his Canadian papers (1950, 1951) has given a generalized hamiltonian 
dynamics and applied it to the case of electromagnetic and meson field. 

Dirac’s notation will be adopted here. Dirac introduces a Lorentz frame x, (u = 
0, 1, 2, 3) and the parameters т, и, (r= 1, 2, 3). Fort = const the functions x, = y, (т, и) 
describe a three-dimensional space-like surface, which has a normal J, defined by 


ду дил D = 50. (1.1) 
The scalar product of two vectors can be written in either of the forms . 
b, = B + a_,b_, zab, а ӧ,, (1.2) 


= Bue À Bv 
where g,, is the constant metric tensor, the scalar a; is the projection of a, on the 


direction of /,: 


a, = all, (1.3) 
and the vector a_, denotes the tangential part of a,. Thus we have 
a, =a, + a_, (1.4) 


In the last expression of (1.2) 
f a, = a,9y,[8u,. (1.5) 
(291) 


А 
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The field variables V(x,) = V (r, u) are treated on the same footing as the sur- 
face variables y,(t, u). The derivatives of both with respect to т are called velocities 
and denoted by a dot: 
| V= Pry, = (0,4 У): Е, = ИӘ" (1.6) 


V, Vw y,» дуџјди, play the role of coordinates in the present theory. 
Assuming a Lagrangian density £ (V, V,), the action integral can be written 


Г = f L d's = | f £y,,1 Фиат = f Lar, (1.7) 
where 
= la =de | л! (1.8) 
| ди, ди, 
The momenta w,(u), U(u) conjugate to y,(u), V(u) are defined by 
9c || (ш,бу, + U dV) ази, (1.9) 
or 
dL 
UE ЭЎ, LT, (1.10) 
DL PE Г, (1.11) 


and have the non-vanishing Poisson Brackets: 

ke w] = 2» О(:ш—и), IR, 0] =ó(u—u). (1.12) 
Dirac distinguishes two kinds of equality. If an equation remains valid under infini- 
tesimal variations of coordinates, momenta and velocities in which these quantities 
are varied independently, it is called a strong equation and written with =. If it 
does not remain valid, it is called a weak equation and written with =. 


By multiplying two weak equations a strong equation can be obtained: when 
А =0, В = 0, then 


AB =0. | (1.13) 
In particular, when А = B and A +0, 
A -- B —2/A B =0. à (1.14) 
From a strong equation A = 0, it follows for any & that 
[4, £] = 0. (1.15) 


When A — 0 in the weak sense only, one cannot infer (1.15) in general. 

Because of the parametrization, in Dirac's generalized Hamiltonian dynamics 
there exist always relations between the coordinates and momenta. Also any invaf 
riance of the Lagrangian, e.g. gauge invariance, gives rise to a further relation o- 
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that kind. Such relations are called equations by Dirac and written as weak equa- 
tions: 


Ф =0. (1.16) 


Some secondary relations, called у equations, can follow from the equations of motion. 
A ©, which has vanishing Poisson Brackets with every © and у is called afirst class 
Фе. Dirac proves that the Hamiltonian, defined by 


Н = | (w,y, + UP — Ly, T) ази (1.17) 


is equal in the strong sense to a linear combination of the first class ©,, the coeffi- 
cients being functions of the velocities. 

The quantization consists in assuming that the Poisson Brackets correspond 
to commutation brackets multiplied by i/h as usual. Every first class ® and 7 corre- 
spond to a condition on the wave function V. | 

Dirac's method was applied by Pirani and Schild (1950) to the quantization 
of the gravitational equations. So far, therefore, this method was applied in all cases 
to the Lagrangian density of the form (Bergmann 1950) 


L = go Bo V ao ве + Ado V Ao FA: (1.18) 
Dirac requires that the passage from the Lagrangian to the Hamiltonian be made 
by the use of strong equations only. This requirement gives rise to no difficulties 
in the case of the Lagrangian density of the form (1.18). The momenta are then linear 
functions of the derivatives of the field variables and the Hamiltonian is quadratic 
in the momenta. 

The method of Dirac was applied here to a non-linear theory with a Lagrangian 
density which is of the form of the square root of (1.18), namely to the non-linear 
electrodynamics of Born and Infeld (1934 a, b, c). 

The field variables or coordinates are here the potentials 4,. The Lagrangian 
density is built up of the two invariants F and G?. 


il = 
= Di Pi uv, (1.19) 
С = = PP. E (1.20) 
pod A, A,, = 94,92, (1.21) 
Еб ове y VE Vn (1.22) 


Here граф = 1 when и, v, a, B is an even permutation of O, 1, 2, 3, as usual. 

We write F,, for the relative field intensities in order to dispense with the writing 
of the dimensional proportionality factor b used by Born and Infeld (1934 b). That 
. is: our F,, are not the actual field strengths, but are to be multiplied by b of Born- 
Infeld's theory to get the actual field strengths. Following Dirac the momenta B, 
canonically conjugate to the field variables 4, are 
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They have the following Poisson Brackets with 4, 
[4 B,'] = 8, д (и — и). (1.24) 
Born’s electrodynamics 


The Lagrangian density of Born’s electrodynamics (Born 1934a) has the form 
Ll VICAR (2.1) 


In our present case the momenta given in terms of the field variables and velocities 


are 
Hp = tak > (2.2) 
рр 
We get, as in Maxwell's case, immediately the Ф equation 
Ф = В, = Ву, = 0, (2.3) 
and from the Lagrangian equations of motion we get the X equation 
X =(B_,I~)_, = 0. (2.4) 


Following Dirac (1951), we decompose F in the tangential part and a part involving 
the normal derivatives: 


J 
А a ya (2.5) 
where 
d 
Te P... = (2.6) 


We use now the weak equations (2.2) to express F by field coordinates and 
momenta. Thus we get 


F=T+ B,B, (+AT. (2.7) 
We introduce the abbreviation 
B, B, о уду (2.8) 


and deduce a weak equation expressing Vi + F by coordinates and momenta only: 


— any, 
Е 2 poss =0 (2.9) 


Note that the necessity of these last steps does not arise in the case of Lagrangian 
density (1.18). We introduce the abbreviation 
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B 1+T 
C,= + le (2.10) 
D JM 


and from (2.2) (2.9) (2.10) we have 


m 


E 0. i (2.11) 
Now we form a strong equation by squaring (2.11) 
ЕЕ, 2C, Fx + C, C, =0. (2.12) 
Hence, using (2.5), we get 
s 1+T 1+T 
RAN. В 
iu је Бан sl c 


or 


1 per t R 1 TET 
EF کے‎ Ge 1 
2 Vi 2 rV ic pal АНДИ а о 


We form also a strong equation by squaring (2.9). Multiplying by suitable factor 
we get 


BOW ES уу AM ET 
>0+F) DTI ПЕРА И ILS (2.15) 


Now we combine the strong equations (2.14) and (2.15). We get V1 + F TF Pp 


in the strong sense 


VIFF =V B) QF T) + B, Fur (2.16) 
The Hamiltonian is from definition 
Н = | y (w, + B, Ад“ LI) d'u + 7,9, аи. (2.17) 


We transform the expression В, А — „СГ using only the strong equation (2.16) de- 
duced above. We get in our present case 


Н = [3,9 ази "i fi D ази ar Ју 1, А„ B, du, (2.18) 


where 


Oj ЕРТ Pl, Aa Hes (2.19) 


drew HAT. (2.20) 


The Born-Infeld electrodynamics 


The procedure of passing from the Lagrangian to the Hamiltonian in the case 
of Born-Infeld's electrodynamics is rather long. The Lagrangian density is here 


£=1—V1+F-G. (3.1) 


The momenta therefore are given by 
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p Stm "E 
т E 


and we have also the equation (2.3) and 7 equation (2.4). 
We use abbreviations (2.6) and (2.8) here too. We introduce some further abbre- 


(3.2) 


viations: 
EE Ml Sexo) (3.3) 
BS 1-1 = К, (3.4) 
and compute the identities 
1 
SL ту Emag E y (3.5) 
SA, o f (3.6) 
SP FEC. (3.7) 
From (3.2) we have 
Bie. GS 
y^ 
"^ Vl+F—@ CZ 
Multiplying (3.8) by S,, we get, thanks to (3.4), (3.6), and (3.7), 
RVI+F—G*=G(l+-1). (3.9) 


Multiplying now (3.8) successively by B, and F,,, eliminating ГР ов, and taking 
into account (2.5), (2.8), (3.4), (3.7) and (3.9), we get 


(Е — С?) (1 — B) = G*(1 4-.T) + B + T. (3.10) 
Substituting for F from (3.9), we find finally 
R 


MOULES За 
and hence, by (3.9) 
1+7T 
(FPO pe? (3.12) 
From the weak eq. (3.8) we now have 
x RS, + B, (1 + TJT" 
оле a 
Squaring eq. (3.12) and multiplying it by a suitable factor, squaring (3.11) and (3.13) 
and adding, we get 


MĘF-G=V1=B WT) — REE BT (3.14) 
This E a strong equation, which we use to transform the Hamiltonian. We get a Ha- 
miltonian of the form (2.18) with ©, given by 
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$,—w,--I V1 —B) 0 - T) RE r+, Ages BE: (3.15) 
This Hamiltonian can be reduced to the one obtained by Born and Infeld (1934c). 
To this end we must introduce the plane surface giyen Бут а, us = x а а 67 
and drop w,, и’. We must then identify our —B with the square of the electric in- 
duction D and the tagential part of F with the square of the magnetic induction B: 


Т> B?, 
BDB D? (3.16) 
R> D:B. 
Finally we must use the Ф and y equations (2.3) and (2.4). Then 
H = | VA + DD (1+ BY —(D- B5 —1) ds. (3.17) 


The procedure of getting the Hamiltonian is quite similar to that given by 
Weiss in an appendix to Born and Infeld's paper (1934c). It differs in the use of the 
parameter formalism and the strong equations. 

The quantum commutation relations of Born and Infeld (1935) in the form 
without the delta function can be obtained from the general Poisson Bracket relations 
(1.24). One must assume that the functions concerned vanish properly at infinity. 


Remarks on general electrodynamics 


We will show that in a general electrodynamics which is Lorentz and gauge 
invariant we have a equation (2.3) and 7 equation (2.4). The general electrodynamics 
has a Lagrangian density which is some function of the two invariants F and G?: 


£m (E C). (4.1) 
The partial derivatives of £ will be denoted by subscripts 


QE val Penn чи 4.2 
ЭЕ = Бр, 2G = La | (4.2) 

The momenta conjugate to 4, are 
B, = —2. Ср bai == 2 Бебе I. (4.3) 


Multiplying (4.3) by 1,, we get from the antisymmetry of F, and F,,* the © 
equation (2.3). From the Lagrange equations of motion 


2IL e (4.4) 
Ox, дА, 


we get. 


d (Lp Вы + Le СЕ"), =0 (4.5) 
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We consider the expression 
A 23 
Xm (BI; = Jan 


and show that it vanishes in consequence of the equations of motion. 


We have 
Brie D = (В, _ kos: = —2 (6-Е, l, + Le CHE MER 2 (Lp i 
Ss LG GF* 357. pu 2(LFF, Xu Се GI Z, == (Ly En LG CESR р 1, 1 


—2 (Lp E, + Собе ди! =0, (4.6) 


where use has been made of (4.3), of the symmetry of J,_,,, of the antisymmetry of F,, 
and F*,, and of eqs. (4.5). 

In the case of the general non-linear electrodynamics I was unable to pass from 
the Lagrangian to the Hamiltonian using strong equations only. [ will briefly outline 
this transition by means of weak equations. 


We multiply (4.3) by F, and get 


B,F,=—2 IDE DI 266 С]. (4,7) 
Multiplying (4.3) by S,, we get 
HERD RAS (4.8) 
and squaring both sides of (4.3) we get 
В = + О (F — Т) + 862.6, бе AGR, (4.9) 


From the set of eqs. (4.8), (4.9) we can in general obtain F and С interms of 
T, B, and R. In this way we can find £ in terms of the ccordinates and momenta. 
Eq. (4.7) serves to transform the term В, А ih the Hamiltonian 


B Ay = BJAG E LA „В_„ 4-2 TD [LR (EF — T) + £5 6]. 


We see therefore that in every non-linear electrodynamics we get the same © 
and 7 equation as in the linear case and the term appears in the Hamiltonian. The 
form of the Lagrangian affects the form of ©, only. 

My thanks are due to Profesor L. Infeld for suggesting this problem and for 
many stimulating discussions. I am also indebted to the Komisja Popierania Twór- 
czości Naukowej i Artystycznej for the grant of a fellowship during this work. 
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ме методом предложенным Дираком в 1950 г. 


REFERENCES 


Anderson J. and Bergmann P., Phys. Rev., 83, 1018 (1951). 
Bergmann P., Phys. Rev., 75, 680 (1949). 
Bergmann P. and Brunnings J., Rev. Mod. Phys., 21, 480 (1949). 


Шан ~ ____._. __“ 


Quantization of Non-linear Electrodynamics 


to 
(Le) 
© 


3 Bergmann P., Penfield R., Schiller R., and Zatzkis H., Phys Rev., 80, 81 (1950). 

| Born M., Proc. Roy. Soc. A 143, 410 (1934a). 

Born M. and Infeld L., Proc. Roy. Soc. A, 144, 425 (1934b) 147, 522 (1934c); 150, 141 (1935). 
Dirac P. A. M., Canad. Journ. Ma th.,2, 129 (1950); 3, 1 (1951); Nuovo Cimento, 7, 1 (1950). 
Hilbert D., Math. Ann., 92, 1 (1924). А : 

Pirani Е. and Schild A. Phys. Rev., 79, 986 (1950). 

Pirani F., Schild A. and Skinner R., Phys. Rev., 87, 452 (1952). 

Penfield R. Phys. Rev. 84, 737 (1951) 

Rosenfeld L., Ann. Phys. (Leipzig), 5, 113, (1930). 

Utiyama R., Progr. Theor. Phys., 3, 431 (1950); 6, 65 (1951). 

Weiss P., Proc. Roy. Soc. A, 169, 102, 119 (1938). 


ну 


CZESLAW BIALOBRZESKI 


1878 — 1953 
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Obituary notice by Włodzimierz Ścisłowski, Warsaw 


Czeslaw Bialobrzeski, Professor of Theoretical Physics at the University of 
Warsaw, titulary member of the Polish Academy of Science, died suddenly as the 
result of a heart attack in Warsaw, on the 12th of October, 1953. He was one of the 
most outstanding Polish physicists of his generation and the achievements of his 
fifty years of creative scientific work are an important heritage honourably engraved 
in the history of Polish science. Apart from his capacities in physics the late Professor 
Bialobrzeski showed a remarkable talent in philosophy and a great erudition in the 

humanities as well, which was reflected in many a paper of a philosophical trend, 
written mainly in the later period of his life. Professor Bialobrzeski was also an ex- 
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cellent teacher and many physicists of the younger generation received their educa- 
tion at his lectures on theoretical physics at the University of Warsaw. In spite of 
his advanced age he was active as a professor till his very last days, he wrote many 
scientific works, and his creative mind seemed not to feel the burden of his seventy- 
five years. 

Czestaw Bialobrzeski was born on the 31st of August, 1878, in Northern Russia, 
where at that time his father was practising as a physician; he attended a secondary 
school in Kiev from which he graduated with honours in 1896. He then studied 
physics at the University of Kiev in the years 1896—1901, and here in the laboratory 
of professor Kosonogow he did his first independent research work on light absorp- 
tion in solutions of pigments the results of which were published in 1904. After 
having finished his studies Bialobrzeski did research work in experimental physics 
for about ten years. In 1907 on the basis of his papers and an examination Czeslaw 
Bialobrzeski received veniam legendi as Docent at the University of Kiev. Thanks 
to a scholarship he was able to spend the years 1908—10 in Paris doing research in the 
laboratory of Professor Langevin at the Collége de France. Here he worked on ioni- 
zation caused by radium radiation in solid and liquid dielectrics. 

The first systematic research on the induced and spontaneous conductivity of 
dielectrics was carried out by P. Curie and G. Jaffe among others, in the years 1902— 
1908. Professor Bialobrzeski's research was connected with the work of these scien- 
tists and dealt with examining the change in the conductivity of very good organic 
isolators, of the type of ozocerite, at melting point. In his research Białobrzeski stated 
that the number of ions produced by radium radiation in solids and liquids iis the same, 
and only the mobility of the ions change. Further research of Bialobrzeski consisted 
in the examination of certain solid isolators such as sulphur, wax, paraffin wax, and 
liquid dielectrics. In these last he examined the dependence of the ion movements 
on the coefficient of viscosity of dielectric liquids and of the current and tension 
dependencies. Different fractions of petroleum ether, ligroin, and petroleum and 
vaseline oil were subjected to examination. In his work Bialobrzeski demonstrated 
the existence of a great similarity between dependencies observed in dielectric liquids 
and ionized gases, and gave a quantity survey of the results obtained. 

On his return to Kiev Professor Bialobrzeski continued the research which he 
had started in Paris; there he also worked out and published a theoretical paper 
on the characteristics of solid dielectrics. This appeared in Le Radium in 1912, and 
later in Polish in Mathematical and Physical News (Wiadomości Matematyczno- 
Fizyczne) and it was translated into German by the editing staff of Elektrotechnische 
Zeitschrift. All these papers formed the basis for a dissertation in Russian with 
a French summary published in Kiev in 1911. The French title of the dissertation 
was L'ionisation des dielectriques liquides et solides. On the basis of this thesis and 
after iis public defence Bialobrzeski received the degree of Master of Science and in 


1913 the Chair of Physics and Geophysics at the University of Kiev where he remained 
till the year 1919. 
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After a long period of experimental work lasting about ten years came a signif- 
icant change. This turning point was splendidly characterized by Bialobrzeski him- 
self in his autobiographical essay published in Polish in 1927. As the author explains 
there the turning point was the result of several factors. In the first place the tendency 
to synthesise the phenomena of nature and to deal more with basic problems had 
long been latent in his mind. Among these problems he considered radiation of pri- 
mary importance. A more specific subject was suggested to him by the work of H. Poin- 
caré Legons sur les hypothéses cosmogoniques and by his own experiences when 
lecturing on geophysies at the University of Kiev which were usually preceded by 
an astronomical introduction. In the course of his research Bialobrzeski's attention 
was drawn to the fact that thus far in all theories on the internal structure of stars 
the share of radiation pressure as an important factor has been overlooked. We know, 
however, that the temperature inside the Sun and other stars increases especially 
quickly in the layers near the surface and in the interior reaches tremendous values; 
on the other hand it is known that the gas pressure increases proportionally to the 
absolute temperature, and the radiation pressure to its fourth power. Starting from 
a model treating stars as large gaseous spheres Professor Bialobrzeski presented his 
ideas in the form of a physical theory, from which it resulted that the radiation pressure 
together with the material pressure should govern the equilibrium in the interior 
of the stars. This was followed by the further conclusion that the part of the radiation 
in this process is greater when the mass of the star is greater and this led to the con- 
dition of the permanence of various kinds of stars. Thus arose the theoretical disserta- 
tion in May 1913 thanks to which in the course of time the name of Czeslaw Bialo- 
brzeski became famous among physicists. 

It seems worth while to add a few words about the fate of this discovery. As 
the paper was published in the International Bulletin of the Polish Academy of 
Science and Letters in Cracow which had not a wide circulation it did not draw imme- 
diate attention abroad. Another hindrance was the outbreak of the first World War. 
Three years after Bialobrzeski's discovery the well-known English astronomer Ed- 
dington independently evolved the same idea and starting from 1916 published 
several papers on the part played by radiation pressure upon the equibbsiur, of 
stars. These papers gained great renown and Eddington as a specialist in this subject 
developed the application of the new theory in astronomy and on this foundation 
arose a wide new branch of astrophysics dealing with the internal structure of the 
stars. A few years after the first World War Professor Bialobrzeski sent Eddington 
a reprint of his paper of 1913 and immedialety received an answer in which the brilliant 
astrophysicist wrote among other things: "I congratulate you on having been appar- 
ently the first to point out the large share of radiation pressure in the internal equi- 
librium of a star." 

The work of Professor Bialobrzeski was accepted favourably in Poland by the 
scientists of such rank as: Smoluchowski, Natanson and Rudzki. A year later 
he was offered a Chair of Physics at the Jagiellonian University in Cracow, but the 
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outbreak of the first World War postponed his arrival. After five years spent in Kiev 
Bialobrzeski came to Cracow where he worked for a year before being offered the 
Chair of Theoretical Physics at the University of Warsaw in 1921, which position 
he held for the thirty-three years until his death. 

The subject of his scientific work during the first few years in Warsaw can be 
viewed upon as a continuation and an extension of his theoretical research begun in 
Kiev. In these years Bialobrzeski was concerned with the theory of light dispersion 
by water, the theory of the conductivity of metals, and he worked out certain problems 
in quantum theory. Afterwards he started a larger theoretical investigation on the 
problem of the real absorption of light which occupied his mind for the next few 
years. This subject stood in immediate connection with his work dealing with radia- 
tion pressure. The scientist’s attention was attracted this time by the fact that the basic 
life-giving source on the Earth is the solar radiation, which is absorbed by the earthly 
bodies. On the other hand the author was struck by the fact that up to that time 
nobody had been able to explain the mechanism of true absorption of light, that 
is the transformation of radiant energy into the disordered heat motion of the mole- 
cules. According to Bialobrzeski the energy increase of the molecular motion must 
be due to forces acting on the molecules, and the only force which can appear here is the 
radiation pressure. The author further assumes that a regular light wave before its 
transformation into irregular heat movement of the molecules of a body must be first 
transformed in this body into irregular light waves, i.e., it must first undergo dis- 
persion. On the ground of such considerations the author shows that the work of 
dispersed wave pressure upon the particles is always positive, i.e. it causes a loss of 
radiation energy in favour of heat energy. This statement the author calls the "prin- 
ciple of fluctuating action." 

Summing up we can see that according to Bialobrzeski the transformation of 
radiation energy into heat is carried out in two stages: first the gradual dispersion by 
matter of the regular waves penetrating into it, then the transformation of the disper- 
sed wave energy into heat through the irregular pressures exerted by the waves on 
the particles. Bialobrzeski's merit was that he pointed out the difference existing 
between the waves dispersed within the substance and the dispersed radiation in the 
surrounding spaces; previously only the latter had been taken into consideration. 
In a series of papers published in the years 1923—26 the author presented in detail 
his theory based on classical as well as on quantum theoretical considerations. 

More or less at the same time Professor Bialobrzeski published many other 
papers dealing with the internal structure of stars and their radiation, which were 
finally all summarized in his book published in 1931 in French under the title La 
thermodynamique des Etoiles. This book in a way closes the second period of his 
creative work which began in 1912. Starting from that time the scientist published 
articles concerned with the philosophical foundations of physics more and more 
often, and this subject held his interest until the end of his life. 

The beginning of the third period of Professor, Bialobrzeski's creative work 
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coincides with the opening of a laboratory for experimental research organized by 
him and associated with the Chair of Theoretical Physics of the University of Warsaw. 
In this laboratory two fundamental experimental directions were represented with 
which Professor Bialobrzeski had dealt in the first period of his scientific career, 
ie. optics and the investigation of induced conductivity in solid and liquid dielec- 
trics; later the investigation of cosmic radiation was added. Professor Bialobrzeski 
published three papers on the last subject in the years 1935—36, the first two with 
his pupil I. Adamczewski, the last one alone. These papers dealt with the applying 
of thoroughly purified isolating fluids, chiefly hexane, to the measurements by the 
ionization method of phenomena observed in cosmic radiation, especially of the so- 
called Hoffmann ionization bursts. 

It should be stressed here that the organization of the physical laboratory direct- 
ed by Professor Bialobrzeski was very different from similar university laboratories 
in Poland of that time — it was more like a small Institute of Physics. The staff of 
five or six persons were paid normally by the Ministry of Education, but they were 
completely released from any teaching duties for a certain number of years, thus 
giving them time for research. Such an organization and the right selection of staff 
gave excellent results, which was proved by the publication during the seven years 
of the laboratory's existence of about a hundred papers. Unfortunately the outbreak 
of the second World War and the destruction of Warsaw brought to an end the ex- 
istence of this research centre which had such a splendid future. 

As already mentioned above, from about 1931 Professor Bialobrzeski turned 
definitely to philosophical problems of physice, which can be seen from the respective 
positions of the accompanying bibliography. In the course of the development of 
quantum mechanics his interests concentrate on the problem of the physical inter- 
pretation of the foundations of this theory and the removal of the existing contradic- 
tions. The physical laboratory flourishing splendidly at that time under the direction 
of Professor Bialobrzeski satisfied completely his experimental interests, so his mind 
was able to turn completely to the problem of the philosophical foundations of phys- 
ics. In a short time he became an eminent specialist in this domain. His contact 
with prominent foreign scientists was facilitated by the fact that he was appointed 
a Member of the International Institute of Intellectual Cooperation of the League of 
Nations in the place of the late Maria Sktodowska-Curie. With this position 
were connected constant journeys abroad to attend the sessions of the Insti- 
tute. Taking part in international scientific conferences and other similar engagements 
stimulated Professor Bialobrzeski in his work, and finally thanks to his initiative 
and international scientific conference in Warsaw in spring of 1938 was organized 
by the Polish Intellectual Cooperation Committee. 

The chief subject of the conference was the discussion of the problem: of interpre- 
tation of the foundations of quantum mechanics on the basis of its latest achievements. 
A bout thirty prominent theoreticians from Poland and abroad, among’ them Bohr, 
D arwin, Kramers, Langevin von Neumann and Rubino wicz took part in the 
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conference. Professor Biatobrzeski read the paper opening the debates and he was 
elected chairman of the conference. The papers read at the conference were published 
in English and French under the title New Theories in Physics in Paris in 1939. 

A year after this international conference came the unforgettable September 
of 1939. Polish science, brutally suppressed by the Nazis, was driven underground. 
Professor Bialobrzeski in spite of the tragedy which overhung the Polish nation and 
the whole of mankind did not cease his creative research work. His sixty years of 
age sheltered him to a certain extent from the repressions of the enemy and enabled 
him to concentrate on scientific work during the years of occupation. At that time 
secret meetings of a group of philosophers and physicists took place regularly in his 
appartment and the philosophical foundations of physics were discussed. On other 
days students from the underground university came to attend lectures and to consult 
their professor. In this period he prepared for publication two volumes of a three- 
volume work on a theme lying on the borderline between physics and philosophy 
entitled Epistemological Foundations of Physics. These volumes were burned to 
ashes during the Warsaw Insurection in 1944. 

After having been expelled from his home and after the burning of the capital 
Professor Biatobrzeski spent the winter of 1944 as an exile in Czestochowa. In spite 
of his health injured by the incidents in Warsaw and his advanced age, the Professor 
during his stay in Czestochowa lectured for the underground courses and gathered 
a group of advanced students with whom he held seminars on topical problems in 
modern theoretical physics. 

After the liberation Professor Bialobrzeski returned to destroyed Warsaw where 
again he became the Head of the Department of Theoretical Physics at the Univer- 
sity of Warsaw which was then rising from the ruins. His scientific interests dealt 
always with the philosophical foundations of physics. From this time comes a series 
of small papers published in different scientific and philosophical periodicals and 
a long article in Polish Science (Nauka Polska) under the title Philosophical Syn- 
thesis and the Methodology of Science which was a summary of a paper read to 
UNESCO. From this period date also some popular scientific works on topical problems 
of modern physics, as well as a beautiful biographical essay on the late Paul Langevin. 

In the post-war period Professor Biatobrzeski worked on the reconstruction of 
his work burned in 1944 Epistemological Foundations of Physics, which was pre- 
pared for publication in a considerably shortened form of one volume only. Besides 
his scientific and popular works he also left a great didactic legacy. In the period be- 
. tween 1921—1953 with the exception of the years of the war the Professor himself 
prepared the texts of most of his lectures for later publication by the student organi- 
zations, which obtained large circulation. Polish students have studied from these 
books for about a quarter of a century. In the last year of his life the scientist edited 
and sent to press a few weeks before his death a large university textbook on thermo- 
dynamics. 


Professor Bialobrzeski took a lively part in scientific life in Poland and abroad. 
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He belonged to the Polish Society of Physicists of which he was several time pres- 
ident, he belonged to the Polish Society of Geophysicists, he was on the Committee 
of the Mianowski Foundation (Kasa im. Mianowskiego) until 1950 when it was incor- 
porated in the Warsaw Scientific Society, he was a member of the Warsaw Scientific 
Society, of the Polish Academy of Science and Letters in Cracow, and from 1952 
a titulary member of the Polish Academy of Science. In January 1947 at a conference 
in Paris he was elected one of the vice-presidents of the International Union of Pure 
and Applied Physies and in this character took part in its work till the expiration 
of his period of office in 1951. He was a scientist of extremely broad horizons, a subtle 
investigator of Nature and a deep thinker. 

The author of this article having been a pupil of Professor Bialobrzeski and 
for many years his co-worker had the opportunity of observing closely this prom- 
inent personality during twenty-six years. In everyday life he was a very simple and 
approachable man; he was very systematic and calm, his views were deeply humane. 
In his relations with students and co-workers the Professor tried to create a friendly 
and almost family atmosphere. He used to gather in his appartment his close collab- 
orators for an evening meal and a friendly talk. The time flew quickly in lively 
discussions on different topics often lasting till midnight. We shall all cherish these 
memories now that he has left us for ever. 

Polish science and the whole Polish community has sustained a great an grievous 
loss. 
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Obituary notice by Andrzej Sołtan, Warsaw 


With the death of Stefan Pieńkowski on the night of November 19th 1953 
Polish science suffered a heavy loss. His death is a serious blow especially to the 
University of Warsaw, as he spent the greatest part of his life working there, and 
there most of his important work was done. 

Stefan Pieñkowski was born on the 28th of July, 1883, in the country in the 
district of Łódź. His education started in the difficult times of Tzarist rule in Poland, 
but in spite of the obstacles to be overcome then by young people he graduated 
with honours; he was also as a young boy a member of the students secret teaching 
societies. His exceptional capacities and love for science led him to further studies. 
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Like many people of his generation Stefan Pieńkowski was not able to study in his 
own country and decided to go to Liège where he entered the Electrical Department 
of the University. There, as a young student he experienced the only doubts in his 
life concerning the choice of his profession. Practical studies proved to be inadequate 
for a man with such a broad range of interests and a keen and brilliant mind. After 
a short period of hesitation he transferred himself to the Science Department which 
included physics, the subject to which he was devoted all his life. 

As was shown later by Stefan Pieükowski's achievements in physics this was 
a right decision as was very soon evident even during his studies in Belgium. In 
the time which is necessary for an average student merely to receive his degree Pien- 
kowski, thanks to his aptitudes and passion for work, took two Doctor's Degrees, 
one in physics and another in mathematics, both with honours. Soon afterwards, 
in 1911, notwithstanding his age, he was appointed an assistant in the laboratories 
of the Institute of Physics. Two years later he lectured in experimental physics and 
a year after that he became associate professor of physics. It should be stressed that 
all these important appointments were held by Stefan Pieñkowski not in his own 
country but in Belgium where it was much harder for him as a foreigner to win re- 
cognition. 

After the First World War Stefan Pieńkowski was one of the first scientists who 
took up work at the Polish universities. In 1919 he became professor of physics at 
the University of Warsaw. At the same time he was appointed director of the Insti- 
tute of Physics at the University known later as the Institute of Experimental Physics. 
In this field Professor Pieńkowski showed to the full his capacities for brilliant re- 
search work as well as for organization and teaching. 

He transferred the then small Institute to a new building unfinished at the time 
of his arrival in Poland. Notwithstanding the difficult conditions of life at that time 
new work-rooms for the undergraduate and graduate students together wiih all the 
indispensable and often valuable physical apparatus were being added. The Institute 
of Experimental Physics became the largest centre of its kind in Poland and was 
soon one of the leading physical laboratories in Europe. 

The scientific interests of Professor Pieñkowski were directed chiefly towards 
the problems of the structure of matter: atoms and molecules. Together with his 
co-workers he carried out research chiefly by spectroscopic methods on ph stolumin- 
escence phenomena and the Raman effect. He succeeded in rousing the i: research 
work of many disciples gathered about, creating in this way a serious scientific school. 
Besides the investigations in atomic and molecular spectroscopy Professor Pieńkowski 
carried out important research work on X-rays and the range of applicability of their 
diffraction for the determination of crystalline structure. 

During the German occupation it seemed that the work of Professor 
Pieñkowski would be ruined completely. The occupation authorities systematically 
robbed the Institute of all its most valuable apparatus, and soon they took 
over the whole building of the Institute rebuilding it to suit their own requirements 
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and removing completely numerous special installations. Professor Pieńkowski 
devoted all his powers to save the remaining apparatus, to support the under- 
ground research work of his co-workers, and to the continuity of university teaching. 
His chief activities in the years 1939—1944 were: directing the underground courses 
where physics was lectured for different departments of the University and secret 
meetings where various scientific subjects were discussed, and also organizing Uni- 
versity laboratories in the improvised premises of the Warsaw Polytechnic School. 

After the liberation Professor Pieńkowski with his habitual energy began the 
reconstruction of the Institute. Understanding the necessity for social and structural 
changes in his country he perceived the new post-war possibilities: not only the re- 
building of the Institute but also the development of its activities on a much larger 
scale. Professor Pienkowski’s Institute became the Institute of Experimental Physics 
consisting of three chairs, with himself as the head of the department. The subjects 
with which the research of the Institute dealt were substantially extended including 
fields which had been hardly touched before the war, such as atomic nuclear physics, 
and the giving of valuable help to related sciences such as for instance the investi- 
gation of radioactivity of mineral deposits. The scientific and technical staff is now 
twice as large as before the war; the Institute is completely rebuilt, adapted again 
to the needs of science and teaching, and two more wings have been added. 

Professor Pienkowski’s work was not restricted to the organization and direction 
of the Institute. Immediately after the liberation he was appointed Rector of the 
University, which position he had held three times before the war. Thank to this 
efforts and abilities the University overcame the numerous and grave difficulties 
of the first months after the liberation. 

Professor Pienkowski’s work was outstanding in other fields as well. He was 
one of the first persons who understood the necessity for planning in science: he 
took an active part in the work of the First Congress of Polish Science, in the Organ- 
izing Committee of the Polish Academy of Science, and lately in organizing the 
Institute of Physics of the Academy of which he became the first director. He was 
nominated a full member of the Polish Academy of Sciences and a member of its 
Presidential Committee, took active part in the work of the Academy, and especially 
in the Third Department where he reported at conferences on his own papers and 
those of his co-workers. 

Professor Pieńkowski was truly progressive. In 1948, during the World Congress 
of Intellectuals in Wroclaw, he joined the active struggle for peace, from that time 
attending many conferences in Poland and congresses abroad. 

The life of Professor Pieńkowski was devoted to work and rich in important 
achievements both in science and organization. This was generally acknowledged as 
was shown by the fact that three foreign universities awarded him degrees honoris 
causa, and he was also nominated a member of numerous scientific societies. The 
Polish Society of Physicists, of which he was one of the founders, nominated him 
a titulary member. In 1952 he received a State Reward of the First Class for his re- 
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search work as a whole. The Government of the Polish People’s Republic awarded 
him its highest distinctions. 

Professor Pieńkowski was not in the habit of adding his own name to those of 
his co-workers when papers done under his supervision were published. Most of the 
papers printed by the Institute of Experimental Physics were prepared with his close 
guidance and he should be considered as a co-author of these papers, some three 
hundred in number and mostly of permanent scientific value. 

Professor Pieńkowski should be specially remembered as a teacher. Vast num- 
bers of students listened to his lectures, as he was an excellent orator and an experi- 
enced pedagogue. His lectures were illustrated by splendidly prepared demonstrations 
which long remained in the memory of his listeners. Quarter of a century ago he 
organized conversatoria on experimental physics which were conducted in such an 
interesting and stimulating way that they were attended by almost all the physicists 
of Warsaw; here topical problems of modern physics and current research of the 
Institute were discussed. Frequently professors and assistants from other Polish 
universities — often former pupils and co-workers of Professor Pieńkowski — came 
to take part in these sessions. 

The author was himself one of Professor Pieńkowski's oldest pupils. At this 
moment of parting when all the Polish scientists feel this great loss so deeply, we 
should like to stress that Stefan Pieńkowski's life work will not pass with him. 
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